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PREFACE 


The  "Low  Cost  Hypermixing  Ejector  Ramjet  Program"  was  performed  for  tfie 
Air  Force/Aerospace  Research  Laboratories  by  The  Marquardt  Company  under  Contract 
F33615-73~C-4093.  The  basic  objective  of  this  program  was  to  assess  the  payoff,  if  any, 
of  applying  bypermixing  ejector  technology  to  the  design  of  a low  cost  ejector  ramjet 
engine.  The  work  described  herein  was  accomplished  during  the  period  cl  June  15, 

1973  to  10  February  1975. 

Major  Thomas  Meier  was  largely  responsible  for  initiating  this  program. 

Lt.  Robert  Boyle  was  the  program  manager  through  evaluation  of  the  initial  ejector  design. 
Dr.  Hermann  Vtcts  was  the  program  manager  of  the  highly  successful  modified  ejector 
phase  of  this  program. 

The  effort  at  The  Marquardt  Company  was  conducted  under  the  supervision  of 
Joseph  G.  Bendot.  Thomas  G.  Piercy  conducted  the  engine  preliminary  design  studies 
and  evaluated  much  of  the  test  data.  The  development  engineer  was  Wallace  G.  Harkins. 
William  R.  HammiU  and  Eric  N.  Gothrio  designed  the  flight  engine  and  ejector  test  items. 

Special  acknowledgment  is  given  to  Jeanette  A.  Yoeham  who  typed  this  report. 
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SECTION  1 
INTRODUCTION 


The  Air  Force  Aerospace  Research  Laboratories  (ARL)  recently  made  a technology 
breakthrough  in  the  field  of  turbuleut  mixing.  Experiments  at  ARL  indicated  that  the 
spreading  rate  of  a suhsonic  jet  may  be  increased  dramatically  by  the  introduction  of 
streamwise  vortices  in  the  flow.  See  Figure  1.  The  vortices  promote  efficient  turbulent 
mixing  within  an  extremely  short  distance.  One  possible  source  of  such  a "hypermixing" 
jet  is  a segmented  slot  nozzle.  Adjacent  slots  are  skewed  slightly  from  the  flow  direction 
to  impart  streamwise  vorticity.  To  date  the  envisioned  application  of  such  nozzles  lias 
been  in  ejector  flap  ami  augment  or  wing  concepts  for  improved  V/STOL  aircraft  designs. 

The  basic  objective  of  this  program  was  to  assess  the  payoff,  if  any,  of  applying 
hypermixing  ejector  technology  to  the  design  of  a low  cost  ejector  ramjet  engine.  In  this 
application,  the  ejector  primary  flow  is  supersonic.  Hypermixing  ejector  nozzle  technology 
offered  the  potential  advantage  of  more  rapid  mixing  with  the  ramjet  engine  airflow.  If  this 
were  the  case,  mixer  length  could  be  reduced  and/or  the  primary  nozzle  could  be  simplified 
by  the  reduction  in  the  number  of  primary  rxizzles  required  to  achieve  full  mixing.  In 
either  case,  engine  length,  weight,and/or  cost  reductions  could  be  realized  through  applica- 
tion of  this  technology. 

Following  a design  and  analysis  phase  to  select  the  preferred  ejector  ramjet  engine 
cycle/propellant(B),  an  experimental  program  was  conducted  to  establish  the  rapidity  of 
mixing  downstream  of  a primary  ejector  nozzle  system  which  incorporates  the  hypermix- 
ing technology  developed  by  ARL. 
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SECTION  n 

ENGINE  DESIGN  CRITERIA 


A design  criteria  selection  coordination  meeting  was  held  with  ARL  personnel 
shortly  after  contract  award.  The  following  major  design  criteria  were  established: 

• The  15-inch  diameter  Low  Cost  Ramjet  Engine  was  the  baseline  engine 
size  for  this  study  (Air  Force  Contract  F33615-72-C-1425). 

• The  primary  flight  envelope  was  Mach  0. 7 to  0. 9 at  altitudes  from  sea 
level  to  30, 000  feet.  Marquardt,  however,  would  examine  the  perform- 
ance characteristics  of  the  selected  ejector  ramjet  engine  concept  up  to 
a Mach  number  of  1.2. 

• Marquardt  would  examine  both  fuel  and  oxidizer  addition  ejector  ramjet 
engine  cycles.  The  fuel  addition  engine  will  use  UDMH  as  the  fuel, 
while  the  oxidizer  addition  engine  will  use  hydrogen  peroxide  in  the 
primary-mixer  and  JP-4  as  the  fuel  to  be  injected  into  the  afterburner. 


SECTION  m 

ENGINE  CYCLE  SELECTION  STUDIES 


Mach  0. 75  at  20, 000  feet  altitude  was  selected  as  the  design  point  for  determination 
of  engine  sizing.  At  this  design  point,  each  engine  cycle  was  assumed  to  be  operating  at 
0 = 1. 0 (i.e.,  stoichiometric  combustion)  with  the  following  component  efficiencies: 


Inlet  pressure  recovery 

100. 0% 

Mixer  efficiency 

98.5% 

Diffuser  efficiency 

99.0% 

Primary  nozzle  efficiency 

96.  0% 

Afterburner  nozzle  efficiency 

96.  0% 

Combustion  efficiency 

95. 0% 

The  primary  pressure  (delivering  fuel  or  oxidizer  to  the  ejector)  was  token  as  300  psia  in 
keeping  with  the  low  cost  objectives  of  this  program.  The  heat  of  combustion  of  UDMH 
was  token  as  12, 939  Btu/lb,  while  the  stoichiometric  fuel/air  ratio  was  0. 1088. 
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For  the  fuel  addition  engine  (Figure  2),  two  cycle  variations  were  considered. 

In  the  first  cyol?,  it  was  assumed  that  the  fuel-air  mixing  and  combustion  occurred 
simultaneously;  the  combustion  products  are  then  passed  through  a convergent  nozzle 
whose  exit  pressure  was  equal  to  ambient  pressure  at  the  design  condition,  i.  e„  6. 76 
psia  at  20, 000  feet.  In  the  second  cycle  variation,  it  was  assumed  that  mixing  would 
occur  without  combustion.  The  mixed  fuel-air  was  then  diffused  to  the  combustor 
area  A4  where  flameholders  and  an  ignition  source  would  be  required  to  initiate  and 
sustain  combustion  at  the  assumed  combustion  efficiency  level. 

For  the  oxidizer  addition  engine  (Figure  2),  the  incoming  air  and  hydrogen 
peroxide  are  mixed,  diffused,  and  uP-4  fuel  is  added  in  the  afterburner  to  achieve 
combustion  at  a stoichiometric  mixture  ratio,, 

For  each  of  these  engine  cycles,  engine  geometry  and  airflow  were  varied  para- 
metrically to  obtain  the  maximum  net  jet  thrust  and  minimum  fuel  consumption.  This 
required  an  optimization  which  is  described  in  the  following  paragraphs  for  each  of 
the  engine  cycles. 

1.  FUEL  ADDITION  - SIMULTANEOUS  MIX  AND  BURN 

The  effect  of  mixer  area  ratio  A3/A2  is  illustrated  in  Figure  3 for  the  case 
of  simultaneous  mixing  and  burning.  For  the  case  shown,  the  airflow  Mach  number  at 
station  2 was  taken  as  0. 15  for  two  different  mixer  inlet  sizes,  A2.  For  the  given  flight 
condition,  the  combination  of  flow  area  A2  and  Mach  number  M2  suffice  to  establish  the 
engine  airflow,  W3.  For  a 0 = 1, 0,  the  fuel  flow  out  of  the  primary  nozzles  is  then 
established. 

The  variation  shown  in  Figure  3,  for  each  value  of  A2,  is  to  open  up  the  mixer 
area  A^,  starting  at  the  condition  where  the  mixer  is  constant  area  (A3=A2+Ap).  As 
shown  m the  figure,  the  thrust  increases  and  the  fuel  consumption  decreases  as  the 
mixer  is  opened  up  to  the  maximum  value  possible  (i.e.,  A3=A3  -A4).  By  opening  up 
the  mixer,  the  total  pressure  losses  due  to  combustion  are  reduced,  yielding  the  noted 
results. 

The  effect  of  mixer  inlet  size  A2  is  shown  in  Figure  4.  As  the  mixer  inlet  area 
A2  is  increased,  the  thrust  and  specific  fuel  consumption  increase.  Also  note  that  the 
area  Ag  increase?  with  A2  in  order  to  handle  the  increased  air  and  fuel  flow.  It  is 
generally  desired  to  keep  the  exit  nozzle  area,  Ag,  equal  to  60%  or  less  of  the  combustor 
flow  area  A4.  This  reduces  the  combistor  flow  Mach  number  and  increases  combustion 
efficiency  and  stability  while  reducing  combustion  total  pressure  losses.  (Ag/A4  will  be 
set  at  0. 6 i"  this  study. ) Figure  3 includes  the  performance  that  would  be  predicted  for 
a nozzle  exit  area  ratio  Ag/A4  of  0. 60  with  an  air  entrance  Mach  number  in  the  mixer 
of  0.15. 

The  effect,  of  mixer  inlet  Mach  number  is  shown  in  Figure  5.  For  a simultaneous 
mix  and  burn  cas^  a low  entrance  Mach  number,  M2,  is  desired  to  reduce  combustion 
pressure  losses  a:»d  maximize  thrust.  Note  that  the  mixer  inJot  area  A2  is  increasing 
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Figure  2.  Ramjet/Ejector  Ramjet  Engine  Concepts 
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Figure  4.  UDMH-Fueled  Ejector  Ramjet-Simultaneous 
Mix/Burn  -Effect  of  Mixer  Flow  Area 
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as  M2  f~  reduced.  Below  a value  of  M2  of  0. 1,  the  required  nozzle  flow  area  Is  less 
than  60%  of  A4,and  the  thrust  coefficient  begins  to  fall.  The  mixer  and  burner  begin 
to  approach  a constant  area  cylinder  of  diameter  equal  to  that  of  the  combustor. 

The  final  sizing  and  preliminary  performance  for  the  simultaneous  mix  and 
burn  case  is  summarized  in  Table  I, where  it  is  compared  to  the  other  engine  cycles. 

The  performance  of  this  engine  for  a range  of  fuel  flows  is  discussed  in  a latter  section 
of  this  report. 

2 . FUE  L ADDITION  - MIX/DIFFUSE/BURN 

For  this  engine  cycle,  the  air  inlet  Mach  number  M2  and  flow  area  A2  were 
again  varied  in  a systematic  manner  to  determine  the  engine  configuration  yielding 
the  maximum  thrust  coefficient.  As  with  the  simultaneous  mix  and  burn  cycle,  the 
engine  airflow  is  established  by  the  combination  of  Mach  number  and  size  of  the  mixer 
for  the  given  flight  condition.  Engine  fuel  flow  through  the  primary  nozzles  is  then 
about  11%  of  die  engine  airflow  for  stoichiometric  combustion. 

Figure  6 summarizes  this  engine  cycle  performance  for  nozzle  exit  areas  of 
50,  60,  and  70%  of  the  combustor  flew  area.  For  all  exit  nozzle  sizes,  the  thrust  and 
fuel  consumption  are  optimized  at  a mixer  inlet  Mach  number  of  about  0.35,  compared 
to  about  0.10  for  the  simultaneous  mix  and  burn  cycle.  The  thrust  coefficient  at  M2 
of  0.35  and  the  selected  value  of  nozzle  area  ratio  A6/A4  of  60%  is  0. 991,  representing 
a gain  of  29%  over  the  simultaneous  mix  and  burn  case.  The  preliminary  performance 
and  final  sizing  for  this  mix,  diffuse,  and  burn  case  is  summarized  in  Table  I,  where 
it  may  be  compared  with  the  other  cycle  variations.  Performance  with  a range  of  fuel 
flows  is  discussed  in  another  section  of  this  report. 

3.  OXIDIZER  ADDITION  ENGINE  CYCLE 

Tha  vhruat  coefficient  of  the  oxidizer  addition  engine  is  not  limited  as  with  the 
fuel  addition  engine  cycles.  Thus  the  sizing  of  this  engine  is  dependent  upon  the  thrust 
level  desired.  For  example,  at  low  primary  flow  rates,  the  performance  approaches 
that  of  the  conventional  ramjet,  and  optimum  inlet  Mach  number  M2  for  the  flight 
condition?  chosen  is  about  0.25  - 0.  SO.  However,  at  high  thrust  levels  corresponding 
to  small  ratios  of  secondary  \o  primary  flow  rates , Ws/Wp,  the  optimum  inlet  Mach 
number  M2  .'s  about  0.7,  thus  producing  an  essentially  choked  condition  at  the  mixer 
Outlet  (Mg  — 1.0). 

A typical  optimization  of  the  oxidizer  addition  engine  is  shown  in  Figure  7.  The 
nozzle  exit  area  was.  restricted  to  60%  of  the  combuctor  flow  area  A4;  for  given  values 
of  entrance  Ma^h  number  M2,  the  mixer  area  A2  and  primary  flow  rate  were  varied  to 
produce  the  variations  of  thrust  coefficient  and  specific  fuel  consumption  shown  in 
Figure  7.  The  low  thrust  points  of  each  curve  correspond  to  ramjet  performance  (no 
primary  flow).  Increasing  thrust  is  then  achieved  by  increasing  the  primary  flow  rate. 
At  high  thrust  levels,  an  entrance  Mi  ch  number  of  \ 7 produces  a minimum  SFC.  How- 
ever, in  the  thrust  coefficient  range  of  0. 8 to  1. 0,  the  minimum  SFC  is  achieved  with  an 
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TABLE  L EJECTOR  RAMJET  ENGINE  CYCLE  SELECTION 
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Thrust  Coefficient,  Cp 
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> 

entrance  Mach  number  of  about  0. 6.  This  lower  range  of  thrust  coefficient  was  chosen  j 

for  sizing  of  the  oxidizer  addition  engine  since  this  is  the  order  of  magnitude  of  the 
thrust  coefficients  produced  by  the  fuel  addition  engine  cycles  previously  discussed. 

The  preliminary  performance  and  sizing  of  the  oxidizer  addition  engine  is  summarized 
in  Table  I. 


SECTION  IV 

ENGINE  CYCLE  SELECTION 


The  performance  of  the  three  engine  cycles  is  presented  in  Figure  8,  wherein 
engine  thrust  coefficient  is  plotted  versus  specific  fuel  or  propellant  consumption.  The 
primary  flow  rate  for  each  engine  cycle  was  varied  to  achieve  the  thrust  variation  noted, 
with  solid  circle  points  corresponding  to  optimized  design  points  for  each  cycle  variation 
(Table  I).  The  lowest  point  on  the  oxidizer  addition  cycle  corresponds  to  zero  primary 
flow  and  thus  is  a simple,  but  not  optimum  geometry,  ramjet  engine. 

These  results  were  reviewed  with  the  ARL  Program  Manager,  and  the  fuel 
addition  cycle  with  mixing,  diffusion,  and  burning  (afterwards  designated  MDB)  was 
selected  as  the  configuration  for  continued  engine  preliminary  design.  The  high  thrust 
and  low  specific  fuel  consumption  of  the  MDB  engine  cycle  made  it  an  obvious  choice, 
producing  a thrust  almost  twice  that  of  the  ramjet  at  approximately  the  same  fuel  con- 
sumption levels.  A review  cf  the  combustion  environment  indicated  that  combustion  would 
not  occur  in  the  mixer,  and  that  flame  stabilization  devices  plus  igniter  would  be  required 
to  promote  burning  with  the  desired  efficiency  in  the  afterburner.  The  simultaneous  mix- 
ing and  burning  cycle,  by  the  same  token,  is  thus  somewhat  academic  and  is  not  a likely 
configuration. 
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SECTION  V 


UNSYMMETRICAL  DIMETHYLHYDRAZINE  (UDMH)  PROPERTIES 


UDMH  was  selected  a a the  ejector  ramjet  fuel  because  of  its  ready  availability, 
excellent  storage  capabilities,  low  cost,  while  providing  substantial  performance  gains 
over  propane  and  JP-4.  However,  in  spite  of  its  w<de  use  as  a rocket  propellant,  there 
!b  little  information  about  its  thermal  properties  as  a monopropellant  and  the  combustion 
of  decomposed  UDMH  with  air  as  required  in  the  ejector  ramjet  cycle.  For  example, 
the  Rocket  Propellant  Handbook  (Reference  1)  lists  the  heat  of  formation  of  UDMH  as 
-187.3  cal/g  (-11.27  K cal/mole)  while  the  Callery  Chemical  Company  (Reference  2) 
gives  -<-12 . 74  K cal/mole.  Similarly,  the  heat  of  combustion  varies  from  14160  Btu/lb 
to  12939  Btu/lb  between  these  two  references.  Inasmuch  as  the  design  of  the  primary 
ejector  subsystem  and  subsequent  combustion  in  the  afterburner  is  highly  dependent 
upon  the  temperature,  products  of  decomposition,  and  specific  heat  ratio  in  the  expansion, 
mixing,  and  combustion  processes,  it  was  decided  before  proceeding  further  to  collect 
and  review  as  much  data  as  possible  on  UDMH. 

A visit  was  made  to  the  USAF  Rocket  Propulsion  Laboratory  at  Edwards  Air  Force 
Base,  California, and  discussions  were  held  with  Mr.  W.  Forbes/Rocket  Propellants 
Section.  RPL's  UDMH  decomposition  data  were  very  limited,  particularly  with  regard  to 
decomposition  temperature;  however,  three  references  were  identified  as  potential  sources 
of  design  information.  These  references  were  obtained  by  Marquardt,and  Reference  3,  in 
particular,  was  outstanding.  This  report  describes  an  experimental  program  conducted 
by  the  Jet  Propulsion  Laboratory  of  Pasadena, which  evaluated  UDMH  as  a monopropellant. 
The  JPL  report  is  included  as  Appendix  A to  this  report. 

The  results  of  this  experimental  study  indicate  that  decomposition  of  UDMH  can 
be  accomplished  thermally.  (Thermal  decomposition  has  been  assumed  in  keeping  with 
the  low  cost  objectives  of  this  engine  program. ) However,  the  thermal  decomposition 
temperature  depends  on  whether  the  UDMH  is  injected  as  a liquid  or  as  a vapor,  and  if 
as  a vapor,  how  much  heat  is  added  to  the  UDMH  before  being  injected  into  the  decomposi- 
tion chamber.  JPL  predicted  a decomposition  temperature  of  1467°F  (1927°R)  at  a 
chamber  pressure  of  300  psia.  This  result  is  based  upon  a heat  of  formation  of  +12 . 72  K 
cal/mole  and  chemical  equilibrium  upon  assuming  final  products  of  H2,  N2,  CH2,  NH3,  HCN, 
and  C.  Marquardt  analyses  based  upon  a heat  of  formation  of  +12.74  K cal/mole  show 
a reaction  temperature  of  1073°K  (1931°R)  as  shown  in  Table  II;  thus  the  JPL  and 
Marquardt  results  are  quite  comparable.  JPL  test  results  are  summarized  for  conven- 
ience in  Table  m.  With  unheated  UDMH  injected  into  a preheated  chamber,  a decomposi- 
tion temperature  of  1262*F  was  achieved  at  300  psia,  compared  to  the  theoretical  value 
of  1467*F.  A small  increase  in  UDMH  temperature,  achieved  by  picking  up  a small 
amount  of  heat  regeneratively,  increased  the  measured  C*  and  chamber  temperature 
slightly.  Finally,  by  adding  supplementary  heat  and  injecting  the  UDMH  into  the  chamber 
as  a vapor,  the  measured  decomposition  temperature  reached  1373°F.  These  results 
indicate  that  with  care  in  design  and  with  suitable  heat  addition,  the  theoretical  decom- 
position temperatures  and  chemical  products  can  be  approached. 
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TABLE  II.  DECOMPOSED  UDMH  THEORETICAL  EJECTOR  NOZZLE  PERFORMANCE 

EQUILIBRIUM  COMPOSITION 
To^  = 1073°K  = 1931°R 


After  review  of  these  experimental  data,  a decomposition  temperature  of 
1340*F  (1800“R)  was  assumed  with  a chamber  pressure  of  300  psia.  These  conditions 
were  used  with  Marquardt's  chemical  equilibrium  program  to  establish  total  enthalpy, 
the  process  y,  and  exit  velocity  for  exapsnion  through  the  primary  nozzle  through 
various  pressure  ratios.  The  results  of  this  computer  run  are  shown  in  Table  IV. 

These  results  were  then  used  to  establish  an  effective  y across  the  primary  nozzle  such 
that,for  a given  primary  pressure  ratio  and  total  enthalpy,  Marquardt's  ejector  ramjet 
engine  performance  computer  program  give  the  same  primary  exit  velocity  as  the 
chemical  equilibrium  program. 

The  chemical  equilibrium  program  was  then  run  for  stoichiometric  combustion 
of  UDMH  and  air  at  10  psia.  This  pressure  is  representative  of  the  combustion  chamber 
conditions  at  the  Mach  0. 75  at  20, 000  foot  altitude  design  point.  The  results  of  this 
computer  run  are  shown  in  Table  V.  Only  the  chamber  and  throat  conditions  are  of 
interest  in  this  tabulation  inasmuch  as  there  is  not  enough  pressure  ratio  to  choke  the 
engine  exit  nozzle.  This  computer  run  also  served  to  determine  combustion  chamber 
exit  total  enthalpy  and  y for  use  in  combustion  chamber  and  exit  nozzle  analysis. 
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TABLE  V.  UDMH/AIR  COMBUSTION  PERFORMANCE 
EQUILIBRIUM  COMPOSITION 
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SECTION  VI 

ENGINE  PRELIMINARY  DESIGN 


1. 


ENGINE  SIZING 


The  sizing  of  the  three  candidate  engine  cycles  of  Section  m was  based  upon 
consistent  but,  in  several  cases,  optimistic  component  efficiencies.  For  preliminary 
design  and  performance  estimation  of  the  selected  MDB  cycle,  the  following  component 
efficiencies  were  used: 


Inlet  Total  Pressure  Recovery  (pT<>/pTn) 


0.98 


Revised  UDMH  Thermal  Decomposition  Combustion  Properties  (See  Section  V) 


Primary  (Ejector)  Nozzle  Efficiency  ( rjp) 
Diffuser  Efficiency  ( tj^) 

Mixing  Efficiency  ( r?M) 


0.96 

0.90 

0.985 


I 


'/  t 


4 


Combustion  Efficiency  (tjc) 

0 * 1.0 

0.93 

0 = 1.25 

0.91 

0 = 1.5 

0.83 

Exit  Nozzle  Efficiency  (rjN) 

0.96 

The  largest  change  in  component  efficiency  was  that  assigned 

to  the  diffuser.  This 

parameter  relates  the  total  pressure  loss  across  the  diffuser  as  a function  of  the  flow 
Mach  number  at  the  beginning  of  the  diffuser.  For  this  engine,  the  use  of  a diffuser 
efficiency  of  90%  is  equivalent  to  the  total  pressure  loss  of  a conical  diffuser  of  about 
13®  total  divergence  angle  based  upon  Reference  4. 

The  MDB  engine  was  reoptimized  at  the  Mach  0. 75  @ 20000  feet  design  point  by 
using  the  above  revised  component  efficiencies.  Table  VI  summarizes  design  point 
performance.  A comparison  of  the  design  point  engine  performance  and  sizing  for 
the  revised  design  and  the  original  optimization  is  presented  in  Table  VII.  In  com- 
parison to  the  preliminary  results,  the  thrust  coefficient  was  decreased  9. 7%  while 
the  SFC  was  increased  16.7%  by  the  use  of  the  revised  component  efficiencies/UDMH 
properties. 
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TABLE  Vn.  MDB  ENGINE  PERFORMANCE  DESIGN  POINT  COMPARISON 


Mo 

= 0.75  at  20, 000  ft 

a6/a4 

= 0,6  (fixed  convergent  exit  nozzle) 

0 

= 1.0 

A4 

= 1.227  ft2  (D4  = 15  in.) 

Primary  Total  Pressure 

= 300  psia 

Fuel 

= UDMH  (decomposed) 

Engine 

parameter 

Initial  component  Revised  component 

efficiencies  efficiencies 

C*A4 

0.991 

0.895 

SFC 

5.730 

6.  688 

M2 

0.350 

0.351 

A2(ft2) 

0.359 

0. 387 

a3  (ft2) 

0.372 

0.398 

Wg/Wp 

9.191 

9.191 
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2. 


PRELIMINARY  PERFORMANCE  ESTIMATES 


Performance  of  the  MDB  fueled  ejector  ramjet  engine  of  Table  VI  has  been 
generated  for  the  Mach  number-altitude  range  of  interest  and  for  a range  of  fuel  flows 
corresponding  to  0 of  0. 5 to  1.5.  Typical  net  jet  thrust  coefficient  and  specific  fuel 
consumption  are  shown  in  Figures  9 through  11.  Figures  9,  10,  and  11  present  pre- 
liminary performance  at  Mach  numbers  0.7,  0. 9,  and  1.2,  respectively. 

Engine  airflow,  fuel  flow,  mixer  inlet  Mach  number  (M2)»  aQd  ejector  mixer 
total  pressure  ratio  (Pto/PTq)  are  tabulated  in  Tables  VUI,  IX,  X,  and  XI.  In  addition, 
mixer  inlet  total  pressure  ana  temperature  are  presented  in  Figures  12  and  13.  These 
data  were  used  to  design  the  hypermixing  ejector  test  item  and  plan  the  experimental 
program. 


SECTION  vn 

FLIGHT  ENGINE  HYPERMIXING  EJECTOR  DESIGN 


The  design  of  the  hypermixing  ejector  subsystem  for  the  flight  engine  was 
established  at  the  engine  design  point  of  M^=  0. 75  at  20, 000  feet/ 0=1.0.  Ejector 
design  point  conditions  were  established  during  the  engine  performance  optimization 
study : 


11 

£ 

0.78  lb/sec 

PTp  - 

300  ib/in2 

TXp  - 

1800°R 

Ap 

1.68  in2 

P =P  = 
P 2 

N 

X> 

H 

GO 

• 

00 

For  these  ejector  design  conditions  Mp  = 2.73  and  Ap/A*  = 5. 8. 

2 

The  required  total  ejector  nozzle  throat  flow  area  was  computed  to  be  0.29  in 
As  will  be  seen,  the  nozzle  throat  height  is  approximately  0. 020  inch.  Therefore,  a 
relatively  low  nozzle  throat  discharge  coefficient  of  0. 90  was  assumed.  This  estimate 
was  based  on  Marquardt  experience  with  small  rocket  engines  and  annular  air  film 
cooling  tests.  The  required  nozzle  throat  area  was  then  computed  to  be  0. 322  in2. 
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TABLE  VIE.  ENGINE  AIRFLOW  - PPS 


Altitude  - 1000  ft. 


1 

M0 

..  <t> 

S.L. 

10 

20 

30 

1.2 

.5 

32.08 

22.04 

14.99 

9.82 

r ; 

.75  * 

28.72 

19. 66 

13.33 

8.70 

m 

1.0 

26.57 

18.16 

12.29 

8.01 

1.25 

27.80 

19. 00 

12.87 

8.39 

\] 

1.5 

29.84 

20.42 

13.85 

9. 05 

*\  ■ 

j*  i 

1.05 

.5 

26.87 

18.44 

12.54 

8.21 

.75 

23.89 

16.  35 

11.08 

7.24 

■r  j 

1.0 

22.08 

15.08 

10.21 

6.  65 

y • 
r 

1.25 

23.10 

15.79 

10.69 

6. 97 

1.5 

24.84 

16.99 

11.52 

7.52 

.9 

.5 

22.22 

15.24 

10.36 

6.78 

.75 

19.99 

13. 67 

9.26 

6.05 

1.0 

18.58 

12.69 

8.58 

5.59 

1.26 

19.48 

13. 31 

9.01 

5.87 

l 

1.5 

20.94 

14.32 

9.70 

6.33 

jj> 

.8 

.5 

19.49 

13. 37 

9.08 

5.94 

4.: 

.75 

17.65 

12.07 

8.18 

5. 34 

v 

1.0 

16.50 

11.27 

7.  S3 

4.  97 

t-  ■ ; 

i 

1.25 

17.44 

11.92 

8.06 

5.26 

1 

1.50 

18.87 

12.91 

8.74 

5,70 

1 

.75 

.5 

18.18 

12.46 

8.46 

5. 54 

1 

.75 

16.52 

11.30 

7.65 

4.97 

1 

1.0 

15.51 

10.59 

7.17 

4.67 

i 

1.25 

16.47 

11.25 

7.61 

4. 97 

1.5 

17.90 

12.16 

8.29 

5.41 

'• 

.70 

.5 

16.89 

11.75 

7.86 

5.14 

.75 

15.42 

10.54 

7.14 

4.66 

! 

1.0 

14.53 

9.  93 

6.72 

4.38 

1.25 

15.52 

10.60 

7.17 

4. 68 

1.50 

16.96 

11.59 

7.85 

5.12 

i 


f 


j 

i 

) 

\ 

( 

i 

j 

j! 


TABLE  IX.  ENGINE  FUEL  FLOW  - PPS 


M 

/ * 

S.  L. 

1.2 

.5 

1.745 

.75 

2.344 

1.0 

2.890 

1.25 

3.780 

1.50 

4.870 

1.05 

.5 

1.462 

.75 

1.950 

1.0 

2.402 

1.25 

3.142 

1.50 

4. 053 

.9 

.5 

1.209 

.70 

1.631 

1.0 

2.021 

1.25 

2.650 

1.5 

3.418 

.8 

.5 

1.060 

.75 

1.440 

1.0 

1.796 

1.25 

2.372 

1.50 

3.080 

.75 

.5 

.989 

.75 

1.348 

1.0 

1.687 

1.25 

2.239 

1.50 

2.921 

.70 

.5 

.919 

.75 

1.258 

1.0 

1.581 

1.25 

2.110 

1.5 

2.768 

Altitude  - 1000  it 

10 __20 30 


1.199  .815  .534 

1.604  1.088  . 710 
1.976  1.337  .872 

2.584  1.750  1.142 

3.333  2.260  1.476 

1. 003  . 682  . 447 

1. 334  . 904  . 590 

1.641  1.H0  .724 

2.148  1.454  . 948 

2.773  1.880  1.227 

.829  .563  .369 

1.116  .756  .493 

1. 380  . 934  . 609 

1.810  1.225  .799 

2.337  1.583  1.033 

.727  .494  ,323 

. 985  . 667  . 435 

1.226  .830  .541 

1.620  1.097  .715 

2.106  1.427  . 931 

. 678  . 460  . 301 

.922  . 624  . 406 

1.152  . 780  . 508 

1.530  1.035  .675 

1.984  1.343  .883 

.639  .428  .280 

.860  .583  .380 

1.080  .731  .476 

1.441  .975  .636 

1.892  1.282  .836 
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TABLE  XI.  EJECTOE/MIXER  TOTAL  PRESSURE  RATIO  (PTg/PT2) 


I 

f 


Altitude  - 1000  ft 


M 

o 

0 

V'p 

S.  L. 

10 

20 

30 

1.2 

.50 

18. 382 

1.0417 

1.0432 

1.0446 

1.0459 

.75 

12.255 

1. 0919 

1. 0929 

1. 0938 

1. 0947 

1.00 

9. 191 

1. 1353 

1.1361 

1.1368 

1.1375 

1.25 

7.353 

1.1873 

1.1882 

1.1892 

1.1900 

1.50 

6.127 

1.2463 

1.2477 

1.2489 

1.2501 

1. 05 

.50 

1.0427 

1.0440 

1.0453 

1.0464 

.75 

1. 0927 

1.0936 

1. 0944 

1.  0952 

1.00 

1.1359 

1.1366 

1.1372 

1.1379 

1.25 

1.1880 

1.1889 

1.1897 

1. 1905 

1.50 

1.2474 

1.2486 

1.2497 

1.2508 

.9 

.50 

1.0444 

1. 0455 

1.0465 

1.0474 

.75 

1.0929 

1. 0937 

1.0944 

1. 0951 

1.00 

1.1361 

1.1367 

1.1373 

1. 1379 

1.25 

1.1885 

1.1892 

1. 1900 

1. 1907 

1.50 

1.2481 

1.2491 

1.2501 

1.2509 

.8 

.50 

1.0453 

1. 0463 

1.0471 

1. 0477 

.75 

1. 0922 

1. 0930 

1. 0937 

1.  0941 

1.00 

1.1350 

1.1357 

1. 1363 

1.1366 

1.25 

1.1880 

1. 1888 

1.1895 

1.1900 

1.50 

1.2484 

1.2494 

1.2503 

1.2510 

.75 

.50 

1.0454 

1.0462 

1.0471 

1.  0479 

.75 

1.0915 

1.0921 

1. 0928 

1.  0931 

1.00 

1.1339 

1.1345 

1. 1350 

1. 1355 

1.25 

1.1872 

1.1879 

1. 1887 

1. 1892 

1.50 

1.2482 

1.2486 

1.2500 

1.2508 

.70 

.50 

1.0453 

1.0463 

1.0468 

1.0474 

.75 

1.0903 

1.0910 

1. 0916 

1.0920 

1.00 

1.1322 

1.1328 

1. 1334 

1.1337 

1.25 

1.1859 

1.1866 

1.1872 

1.1876 

1.50 

\ 

f 

1.2476 

1.2486 

1.2493 

1.2500 

28 


Eli 


fmimk ittiiuittMii 


Net  JetjThruet  Coefficient,  ;C 

! i « » ‘ 


Figure  9.  UDMH -Fueled  Ejector  Ramjet  Engine  Performance 

M = 0.70 
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Figure  11.  UDMH-Fueled  Ejector  Ramjet  Engine  Performance 

M =1.2 


TOTAL  TEMPERATURE 


TOTAL  PRESSURE 


Figure  13.  Mixer  Inlet  Total  Pressure 


Ejector  nozzle  geometry  was  sized  with  nozzle  perimeter  as  the  primary  var- 
iable. The  following  relationships  were  used  in  this  analysis: 


Nozzle  Perimeter  = 


Nozzle  Exit  Height 


Nozzle  Segment  Aspect  Ratio 


Exit  Height 

- 8 based  on  previous  hypermixing  ejector 
nozzle  test  data  (References ) 


Number  of  Nozzle  Segments Norris  PeH- -ter 

(2)  (Segment  Aspect  Ratio)  (Exit  Height) 

= Nozzle  Perimeter 
(16)  (Exit  Height) 

The  results  of  this  parametric  design  study  are  presented  in  Figures  14  and  15. 

A manufacturing  review  of  the  proposed  ejector  nozzle  assembly  concluded 
that  cost  considerations  clearly  indicated  a preference  for  a true  annular  nozzle  rather 
than  a large  number  of  separately  fabricated  and  assembled  nozzle  segments.  Therefore, 
the  annular  nozzle  was  established  as  the  baseline  design  concept. 

The  remaining  question  was:  Where  should  the  annular  nozzle  be  located 
relative  to  the  mixer  diameter  ? Several  approaches  were  taken  in  order  to  define 
thiB  location. 

Ejector  primary/secondary  air  mixing  basically  is  accomplished  by  shearing 
action  and  turbulence  between  the  two  streams.  Therefore,  a reasonable  design  approach 
is  to  locate  the  annular  ejector  nozzle  so  that  the  inner  and  outer  duct  flow  areas  are 
equal. 


I 1 


Mixer 


Ejector  Nozzle 


Therefore  the  ejector  would  be  located  where 


lector  Nozzle 
^Mixer 


1^. Elector  Nozzle 
^Mixer 


= 0.707 
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Figure  14.  Hypermixing  Ejector  Geometry  - Part  1 


A mixing  process  spreading  angle  approach  was  the  second  technique  used  to 
locate  the  ejector  nozzle. 

Mixing  Length,  L -*j 


Ejector  Nozzle 


Obviously,  this  approach  locates  the  ejector  nozzle  where 


Elector  Nozzle 
DMixer 


= 0.50 


Mixing  lengths  were  roughly  estimated  from  this  approach.  Reference  5 data  show 
that  the  spreading  angle  for  the  hypermixing  ejector  nozzle  is  ~ 12  degrees.  Con- 
ventional mixing  corresponds  to  a spreading  angle  of  about  6 degrees.  For  the  geometry 
under  consideration,  the  following  mixing  lengths  were  computed: 


Conventional  mixing  (0=6  degrees) 
Hypermixing  ( 0 = 12  degrees) 


L - 20  inches 


L — 10  inches. 


These  computed  mixing  lengths  are  obviously  estimates  but  do  indicate  the  potential  of 
the  hypermixing  concept. 

It  is  highly  probable  that,  due  to  three  dimensional  pipe  flow  effects,  neither  of 
these  approaches  is  correct.  However,  it  is  reasonable  to  assume  that  the  actual  flow 
process  lies  between  these  two  limits.  Therefore 

0 50<^Igto£Noal8  < 0 707 

^TOixer 

An  objective  of  this  program  is  to  compare  hypermixing  ejector  with  "conven- 
tional" ejector  nozzle  performance.  Marquaxdt  under  Contract  AF33(657)  12146 
evaluated  a "Conventional"  annular  nozzle.  In  this  test  program 


Ejector  Nozzle 
^Mixer 


=0.63. 
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This  nozzle  location  meets  our  criteria  and  should  be  a valuable  source  of  comparison. 
Therefore,  this  location  was  selected  for  the  design  of  the  flight  engine  hypermixing 
ejector. 

Previous  hypermixing  ejector  nozzle  tests  operated  with  subsonic  flow  discharge 
conditions  (References ).  For  the  same  scarf  angle,  it  was  reasoned  that  a supersonic 
ejector  nozzle  would  promote  more  rapid  mixing  than  a subsonic  nozzle.  It,  therefore, 
follows » for  the  same  mixing  intensity,  the  supersonic  nozzle  scarf  angle  can  be  reduced. 
Previous  subsonic  nozzle  tests  evaluated  this  nozzle: 


-►.0.10-*- 


Somewhat  arbitrarily,  alternating  supersonic  nozzle  segments  of  the  flight  engine  hyper 
mixing  ejector  subsystem  were  scarfed  30  degrees.  The  design  characteristics  of  the 
flight  engine  hypermixing  ejector  subsystem  are  summarized  below: 


PEJector  Nozzle 
PMixer 

°Mixer 

DEjector  Nozzle 
Nozzle  Perimeter 

Number  of  Nozzle  Segments 

Nozzle  Throat  Height 

Nozzle  Exit  Height 

Nozzle  Segment  Aspect  Ratio 

Scarf  Angle 


0.63 


8.54  in. 
5.38  in. 
33.8  in. 

22 

0.017  in. 
0.100  in. 
7.68 

30  degrees 


Design  details  of  the  ejector  subsystem  are  presented  in  Figure  16.  Figure  17  shows 
the  ejector  subsystem  integrated  into  the  flight  engine  design.  The  flight  engine  mixer 
length/diameter  ratio  was  specified  as  1.24. 
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SECTION  vm 


HYPERMIXING  EJECTOR  TEST  ITEM  DESIGN 


To  minimize  teat  cost,  the  hypermixing  ejector  test  program  was  conducted  at 
sea  level  conditions.  By  this  is  meant  that  the  test  item  uozzle  was  exhausted  to 
atmospheric  conditions  14.2  psia).  Exhauster  operation,  which  is  costly,  is 
required  to  reduce  nozzle  back  pressure  necessary  for  altitude  simulation. 

The  test  item  was  designed  for  the  following  conditions /specifications: 


Simulated  Flight  Condition 

Mq  = 0. 7 at  Sea  Level  at  0 = 1 

Ejector  Working  Fluid 

Heated  Air 

Secondary  Fluid 

Ambient  Temperature  Air 

ii 

& 

£ 

300  psia 

Tip  ■ 

1160*R 

II 

ft 

II 

ft 

ft 

18. 4 psia 

M = 

2 

0.35 

-n  ■ 

2 

22. 5 in  (5. 35  in.  diameter  dui 

For  these  test  conditions,  the  secondary  airflow  rate  is  5.70  lb/sec.  With  UDMH, 

0 — 1. 0 is  equivalent  to  Wg  = 9. 19  . Therefore,  the  hypermixing  ejector  nozzle  test 

Wp 

item  was  sized  for  a flow  rate  of  0. 62  lb/sec. 

To  reduce  te.pc  costs,  the  primary  working  fluid  was  air.  Heated  air  was 
specified  for  the  following  reasons: 


1)  Increasing  the  total  temperature  at  the  primary  increases  the  m*x3\ 
ejector  discharge  velocity, resulting  in  inc  reased  Jet  compression^ p^/  • 

2)  Freon*,  in  small  concentrations,  was  to  be  added  to  the  primary 
fluid  for  gas  sampling.  A high  primary  total  temperature  avoids 
f reon  condensation  problems. 


Test  hardware  design,  fabrication, and  operation  costs  are  significantly  reduced 
when  non-water  cooled  hardware  is  specified.  The  desire  for  a high  primary  tempera- 
ture was  strongly  tempered  by  this  requirement.  As  a compromise  the  test  hardware 
was  designed  for  a primary  total  temperature  of  1160°R  (700°F). 


♦In  the  experimental  program,  carbon  dioxide  rather  than  Freon  was  used  as  the 
tracer  pas. 


Preceding  page  blank 
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The  design  conditions  specified  above  defined  a total  nozzle  throat  area 
requirement  of  0. 147  in2.  The  design  nozzle  pressure  ratio 


/PTP\ 
\PP  /" 


16.3 


corresponds  to  a nozzle  exit  Mach  number  of  2.47  and  Ap/A L ratio  of  2. 56.  The  resultant 
nozzle  exit  flow  area  is  0.376  in2. 

For  the  reasons  presented  in  the  flight  engine  ejector  nozzle  design  discussion, 
an  annular  ring  nozzle  located  where 

D 

Ejector  Nozzle  co 

D 0,63 

Mixer 

was  specified.  Geometry  constraints  would  not  permit  the  ejector  test  item  and  the 
flight  engine  ejector  to  have  both  the  same  number  of  nozzle  segments  and  segment 
aspect  ratio.  A decision  was  made  to  match  the  number  of  nozzle  segments  and  let 
the  segment  aspect  ratio  fall  out.  The  resultant  aspect  ratio  was  11. 5.  Nozzle  segments 
were  alternately  scarfed  30  degrees  as  was  specified  for  the  flight  engine  design. 


The  design  characteristics  of  the  hypermixing  ejector  test  item  are  presented 


below: 


Ejector  Nozzle  A „ 

D 63 

Mixer 

Ejector  Nozzle  Diameter  3. 37  in. 

Mixer  Diameter  5.35  in. 

Nozzle  Perimeter  21. 17  in. 

Number  of  Nozzle  Segments  22 

Nozzle  Throat  Height  . 0140  in. 

Nozzle  Exit  Height  . 031  in. 

Nozzle  Segment  Aspect  Ratio  11. 5 

Nozzle  Scarf  Angle  30  degrees 

Figures  18  and  19  present  the  design  details  for  the  ejector  test  item. 
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Figure  18.  Hyper-mixing  Ejector  Nozzle  Test  Item 


Figure  19.  Hypermixing  Ejector  Nozzle  Test  Item  Assembly 


SECTION  IX 


EXPERIMENTAL  PROGRAM 


1.  HARDWARE  FABRICATION 

The  Hypermixing  Ejector  Test  Item  was  fabricated  in  Marquardt's  experimental 
shop.  Photographs  of  the  completed  assembly  are  presented  in  Figures  20  through  23. 
For  proper  orientation,  the  reader  is  reminded  that  the  ejector  nozzle  throat  height 
and  nozzle  exit  height  are  0.014  inches  and  0.031  inches,  respectfully. 

Three  total  pressure/gas  sampling  rakes  were  also  fabricated  and  are  shown 
in  Figure  24.  In  addition,  three  mixer  spool  sections  were  fabricated  in  support  of 
this  program. 

2.  TEST  SETUP 

The  test  setup  originally  proposed  is  presented  in  Figure  25.  The  mixer  was 
made  up  of  varying  length,  constant  internal  diameter  spools,  joined  at  their  flanges. 

By  interchanging  or  removing  the  constant  diameter  mixer  spools,  the  length  of  the 
mixer  could  be  changed, and  total  and  static  pressure  instrumentation  could  be  relocated 
to  determine  mixer  performance  best.  Downstream  of  the  mixer  was  a diffuser,  a 
plenum  section,  and  exit  nozzle  to  simulate  components  of  the  ejector  ramjet  engine. 
Engine  airflow  was  simulated  by  bringing  in  airflow  from  pressurized  storage  tanks 
through  suitable  metering  equipment.  A flow  straightening  screen  and  setting  section 
length  was  provided  ahead  of  the  ejector  spool  section  to  provide  a near  uniform  flow 
profile  to  the  test  item.  The  ejector  air  simply  was  passed  through  a Sudden  Expansion 
(SUE)  burner  and  Freon  was  envisioned  as  a tracer  gas  to  be  monitored  in  the  mixer 
to  aid  in  determination  of  the  rate  of  mixing  of  the  secondary  air  and  primary  flow 
systems. 

Figure  26  is  a schematic  of  the  actual  test  setup  utilized  in  Cell  7 of  Marquardt's 
test  facility.  This  system  was  designed  to  provide  a wide  range  of  primary  and  secondary 
flow  rates  as  well  as  interchangeability  of  mixer  components.  The  secondary  airflow 
system,  the  ejector  test  item,  the  interchangeable  mixing  section  spools,  diffuser,  etc. 
are  largely  unchanged  from  those  initially  proposed.  The  principle  variations  from  the 
original  plan  were  associated  with  the  primary  airflow  system  and  involved  the  use  of 
a large  SUE  burner  and  the  substitution  of  carbon  dioxide  (CO2)  for  Freon  as  the  tracer 
gas  as  discussed  in  the  following  paragraphs. 

In  Figure  26,  the  straightening  spool,  the  ejector  test  item,  the  first  mixer  spool 
(L/D=2),  and  second  mixer  spool  (L/D=l)  are  new  hardware.  The  remainder  of  this 
hardware  was  available  from  previous  Marquardt  test  programs.  Note  that  two  exit 
nozzle  sizes  and  two  secondary  airflow  metering  venturis  were  used.  For  the  smaller 
values  of  secondary  airflow  (25  and  50%  of  design),  it  was  desired  that  the  venturi 
remain  choked  for  accurate  metering  purposes.  The  smaller  venturi  meter  provided 
this  capability.  The  smaller  exit  nozzle  was  used  to  maintain  a higher  backpressure 
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Figure  26.  Hypermixing  Ejector  Test  Setup 


on  the  system  at  these  low  flow  rates  than  would  have  been  provided  with  the  larger 
nozzle.  In  addition,  the  use  of  this  small  convergent/divergent  nozzle  resulted  in 
the  nozzle  throat  choking  at  total  pressure  levels  (i.e.,  airflow)  significantly  lower 
than  those  with  a convergent  nozzle. 

The  small  SUE  burner  originally  planned  for  the  primary  subsystem  was  not 
available.  A 3 x 6 inch  facility  burner  was  available  but  was  judged  to  be  unstable 
for  the  low  flow  rate  (design  ejector  flow  rate  = 0. 62  Ib/sec),  pressure  and  temperature 
conditions  desired  for  the  primary.  The  approach  taken  was  to  use  the  3x6  inch 
facility  burner  with  a bypass  duct  plumbing  arrangement  as  shown  in  Figure  26. 

Stable  operation  of  the  burner  was  achieved  by  bypassing  almost  90%  of  the  total 
flow  to  the  atmosphere  through  a standard  ASME  orifice.  The  quantities  of  heated  air 
and  CQ2  delivered  to  the  primary  system  were  measured  with  separate  venturi 
meters.  A venturi  meter  was  also  used  to  measure  the  secondary  airflow, which  was 
unheated. 

The  reasons  for  substituting  COg  as  a tracer  gas  rather  than  the  originally 
planned  Freon  were  as  follows: 

a.  In  reviewing  die  instrumentation  requirements,  it  was  concluded  that 
the  minimum  mixed  (i.  e.,  primary  and  secondary  airflows)  tracer  gas  concentration 
should  be  approximately  5%  by  weight.  With  die  design  Wg/Wp  value  of  9. 19,  the 
tracer  gas  concentration  in  the  primary  fluid  is  about  50'v  by  weight.  It  then  follows 
that  the  thermodynamic  properties  of  the  tracer  gas  significantly  influence  the 
ejector  dischaige  velocity  and,  therefore,  the  ejector  pumping  total  pressure  ratio. 
Freon  12  has  a high  molecular  weight  and  low  specific  heat  ratio.  Both  of  these 
properties  significantly  reduce  the  ejector  discharge  velocity,  as  shown  in  Table  XII. 
Gaseous  CQ2  has  thermodynamic  properties  similar  to  those  of  air,  is  low  in  cost,  and 
is  readily  available.  As  shown  in  Table  XII,  the  performance  of  COg  is  quite  good. 

b.  It  is  a fact  that  Freon,  when  exposed  to  an  open  flame,  can  result  in 
the  generation  of  phosgene,  a poison  gas.  In  this  test  program.  Freon  would 

have  been  injected  downstream  of  the  SUE  burner  where  the  air  temperature  is  approx- 
imately 1640*R.  Granted  that  Freon  would  not  be  brought  in  contact  with  an  open  flame, 
the  question  remained:  Could  this  combustion  process/high  temperature  air  cause 
phosgene  to  be  generated  ? A limited  library  search  technical  consultation  were 
inconclusive. 


c.  The  gas  sampling  instrument  (Beckman  Infrared  Dispersion  Model)  is 
sensitive  to  CQ2  in  less  concentrated  mixtures  thqa  Freon,  and  lu  fact  was  originally 
designed  for  CO^. 

Thus,  consideration  of  test  safety,  ejector  performance,  tracer  gas  cost,  and 
availability  led  to  the  decision  to  use  gaseous  carbon  dioxide  as  the  tracer  element 
in  the  test  program. 
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TABLE  XH.  GAS  SAMPLING  TRACER  GAS  COMPARISON 


Photographs  of  the  test  setup  are  shown  in  Figures  27  and  28.  In  Figure  27 , 
the  main  elements  of  the  test  item,  including  ejector  section,  mixer,  diffuser,  plenum, 
and  exit  nozzle  as  well  as  the  upright  primary  heater  bypass  system  and  duct  to  transfer 
the  heated  air/C02  mixture  to  the  ejector  section  can  be  seen.  On  the  left  of  the  photo- 
graph is  the  array  of  CO2  gas  sampling  bottles.  Figure  28  presents  a view  of  these 
same  items  (less  gas  sample  rack)  looking  in  the  downstream  direction.  Figure  29 
presents  a better  view  of  the  gas  sampling  setup. 

3.  INSTRUMENTATION 

Test  instrumentation  is  schematically  indicated  in  Figure  30.  The  secondary 
airflow  instrumentation  system  consisted  off  a venturi,  measurement  of  the  total  pressure 
for  airflow  calculation,  and  a throat  static  pressure  to  insure  that  the  venturi  was  choked. 
Downstream  of  the  flow  profile  straightening  screen  and  stilling  section,  the  total  pressure 
(PTi)  was  measured  with  a five  tube  rake  just  ahead  of  the  ejector  system.  Static  pressure 
was  also  measured  at  this  station.  A total  of  13  static  pressure  taps  were  located  in  the 
mixer,  diffuser,  plenum,  and  nozzle  section.  To  identify  these  static  pressures  with 
the  various  mixer  spools,  refer  to  Figure  31.  This  figure  identifies  the  total  pressure 
rake  locations  as  well  as  static  pressure  taps.  The  circled  numbers  indicate  total 
pressure  rake  stations;  i.e.,  1 identifies  the  total  pressure  rake  Just  ahead  of  the 

mixer,  and  the  average  total  pressure  at  this  station  is  Pti*  There  were  four  total 
pressure  rakes,  three  in  the  5. 35  inch  diameter  mixer  duct  and  one  in  the  6.35  inch 
diameter  plenum  duct  at  the  exit  of  the  diffuser.  The  rakes  utilized  equal  tube  spacings 
in  single  spokes,  as  opposed  to  equal  area  tube  locations.  Hie  center  tube  of  each  rake 
was  located  on  the  duct  centerline.  The  tube  spacing  was  0. 89  inches  for  the  three  rakes 
located  in  the  5.35  inch  diameter  section  and  1. 06  inches  for  the  single  rake  located  in  the 
6. 35  inch  diameter  section.  All  pressures  were  measured  on  direct  reading  gauges,  and 
photographs  of  the  pressure  gauge  panels  were  taken  for  each  test  point  for  later  data 
reduction. 

Note  in  Figure  30  that  each  of  the  mixer  ami  diffuser  total  pressure  rakes  were 
teed  to  the  gas  sampling  bottles  as  well  as  to  the  rect  reading  pressure  gauges.  Figure 
32  illustrates  the  approach  used  in  acquiring  an  individual  gas  sample.  A probe  inserted 
in  the  stream  was  used  for  both  total  pressure  measurement  and  gas  sampling.  This  probe 
was  connected  to  a gas  sample  bottle  through  a series  of  valves,  and  the  bottle  was  con- 
nected to  a vacuum.  When  the  solenoid  operated  valves  were  opened,  the  sampling  fluid 
was  drawn  through  the  bottle.  After  an  appropriate  time  span  (10-15  seconds)  the  lower 
solenoid  valve  was  closed,  and  then  the  upper  solenoid  valve  was  closed,  capturing  a gas 
sample  within  the  bottle.  The  bottles  were  then  removed  from  the  rack  by  closing  the 
hand  valves  and  disconnecting  the  hoses  at  the  coupling. 

The  analyses  of  the  CC^-air  mixtures  from  the  sampling  systems  were  performed 
at  Marquardt  by  using  a Beckman  Model  315A  nondispersive  infrared  gas  analyzer.  Three 
of  these  instruments  exist  at  Marquardt,  and  two  were  designed  to  sense  specific  pollutants, 
i.e.,  carbon  monoxide,  CO,  and  nitric  oxide,  NO.  The  third  instrument  was  originally 
calibrated  for  CO^,  and  was  recalibrated  for  these  tests. 
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HYPERMIXING 


Figure  30.  Hypermixing  Ejector  Test  Program-Test  Instrumentation 
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Figure  32.  Gas  Sampling  Technique 
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Operation  of  the  Beckman  instrument,  which  is  shown  schematically  in  Figure  33, 
is  baled  upon  the  differential  absorption  of  infrared  radiation  energy  of  a specific  wave- 
length in  a reference  and  sample  chamber.  The  gas  in  the  reference  cell  doeB  not  absorb 
this  specific  radiation,  and  the  light  beam  will  pass  through  this  chamber  to  the  detector  without 
depletion  nf  energy.  The  equal  light  beam  passing  th.ough  the  sample  chamber  loses  a por- 
tion of  its  energy,  dependent  upon  the  concentration  of  the  particular  gas  species  in  the 
sample.  These  parallel  light  beams  are  then  passed  through  both  sides  of  the  detector, 
which  contains  gas  of  equal  concentrations  of  the  particular  species.  The  detector  gases 
absorb  radiant  energy  at  the  specific  wavelength,  raising  the  temperature  levels  of  the 
confined  gas.  Since  the  reference  chamber  absorbs  no  energy,  this  side  of  the  detector 
becomes  hotter  than  the  sample  gas  side.  The  temperature  differential  produces  a pres- 
sure differential  which  deflects  the  diaphragm  separating  the  two  detector  chambers. 

This  causes  the  detector  to  become  a variable  capacitor  which  produces  a signal  in  response 
to  the  species  concentration  in  the  sample  gas.  This  signal  is  electronically  conditioned 
to  produce  a meter  reading. 


These  instruments  are  equipped  with  two  external  calibration  adjustments  normally 
used  to  compensate  for  component  performance  variations  with  time  (for  example,  lamp 
filament  output  variations  over  a period  of  years).  The  first  adjustment  is  the  zero  adjust. 
A sample  known  to  be  free  of  species  which  will  absorb  radiation  at  the  same  wavelength 
as  the  detector  is  passed  through  the  sample  chamber  and  the  instrument  zeroed.  The 
second  adjustment  is  used  to  set  the  instrument  gain.  A gas  sample,  containing  a known 
amount  of  a species  which  will  absorb  radiant  energy  at  the  specific  detector  wavelength, 
is  passed  through  the  sample  chamber,  and  the  meter  reading  is  adjusted  (with  the  atten- 
uator) to  produce  a preselected  reading.  Calibration  of  the  instrument  response  for  the 
range  of  concentration  of  the  species  of  interest  is  accomplished  by  using  a number  of 
known  gas  samples  of  different  concentrations  and  recording  meter  readings  with  the 
zero  adjust  and  attenuation  adjust  fixed.  Once  such  a characteristic  calibration  curve  is 
obtained,  the  instrument  can  be  set  (zeroed  and  gain  adjusted)  for  each  day's  operation 
by  use  of  a single  reference  sample. 

A sample  pretest  and  post  test  calibration  is  presented  in  Figure  34.  The  cali- 
bration shown  is  me«.er  reading  versus  percent  CO_  by  volume  in  air.  This  curve  is 
then  converted  to  percent  COg  by  weight  in  air  by  me  appropriate  molecular  weight 
relationships. 


4.  TEST  PROGRAM 

As  discussed  in  a previous  section  of  this  report,  the  ejector  test  item  design 
flow  rates  were: 

Secondary  Airflow  Rate,  Ws  = 5.70  lb/sec 
Primary  Flow  Rate,  Wp  = 0.  62  lb/sec. 

The  design  flow  ratio  Wg/Wp  was  then  9. 19  and  corresponds  to  the  air  to  UDMH 
fuel  ratio  at  stoichiometric  conditions.  Test  conditions  which  varied  the  secondary  flow 
rate  over  the  range  of  25%  to  125%  of  the  design  value  were  developed.  Similarly,  the 
primary  flow  rate  was  varied  over  the  range  of  50%  to  125%  of  its  design  value.  The 
resulting  Ws/Wp  variation  was  from  1. 8 to  18. 4.  The  developed  test  conditions  are 
shown  in  Table  XIII. 
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Figure  33.  Beckman  Model  315A  Gas  Analyzer 
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TABLE  Xm.  HYPERMIXING  EJECTOR  TEST  CONDITIONS 
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W p=  Primary  Flow  Wp^=  Design  Primary  flow 


In  order  to  evaluate  the  hypermixing  ejector,  the  test  item  was  first  tested 
without  scarfing  the  nozzle  trailing  edges,  thus  resulting  in  an  annular  nozzle  which 
by  definition  does  not  incorporate  hypermixing.  These  tests  were  conducted  with 
design  secondary  airflow  with  the  primary  flow  varied  from  50%  to  125%.  The  ejector 
nozzle  trailing  edge  was  then  scarfed  in  accordance  with  Section  Vm,  and  the  tests  were 
run  over  a range  of  secondary  and  primary  flow  rates.  Table  XIV  summarizes  these 
test  runs  together  with  those  conducted  for  the  annular  nozzle.  Note  that  the  air  meter- 
ing venturi  and  exit  nozzle  sizes  are  indicated  for  each  run.  As  stated  earlier,  smaller 
sizes  for  these  components  were  utilized  for  the  25  and  50%  airflow  cases. 

It  should  be  noted  that  for  Runs  1 through  9,  inclusive,  the  various  inter- 
changeable mixing  spools  were  left  in  a fixed  position,  namely,  that  shown  earlier  in 
Figure  26.  All  data  for  these  tests  will  be  shown  for  the  instrumentation  arrangement 
of  Figure  31. 

5.  TEST  RESULTS 

Typical  axial  static  pressure  distributions  at  100%  secondary  airflow  and  for 
a range  of  primary  flows  are  shown  in  Figures  35  and  36,  for  the  annular  and  hyper- 
mixing configurations,  respectively.  Station  notation  is  indicated  at  the  top  of  each 
figure,  together  with  the  ejector  nozzle  trailing  edge  station.  In  each  figure,  the 
local  static  pressure  is  divided  by  the  average  total  pressure  at  station  1.  It  will  be 
noted  that  there  appears  to  be  little  difference  in  static  pressure  rise  mixing  length 
between  the  two  configurations.  The  maximum  pressure  riBe  occurs  at  station  2 , 
which  corresponds  to  a mixer  L/D  of  2. 83. 

Figures  37,  38,  and  39  present  total  pressure  profiles  at  stations  1,  2, and  3 
as  identified  in  Figures  31,  35,  and  36.  Comparisons  between  the  annular  and  hyper - 
mixing  ejector  nozzles  are  again  made  at  100%  secondary  airflow  for  differing  amounts 
of  primary  flow  rate  in  succeeding  figures.  At  station  1 in  each  case,  the  flow  was  quite 
uniform,  showing  the  effects  of  the  flow  straightening  screen  and  section  length  ahead  of 
the  ejector  test  item.  At  station  2,  the  approximate  point  of  maximum  static  pressure 
rise,  the  total  pressure  is  somewhat  distorted,  with  minimum  pressure  occurring  at  the 
center  of  the  duct  and  maximum  pressure  near  the  walls.  At  station  3,  corresponding 
to  a mixer  L/D  of  5. 82,  the  total  pressure  distortion  has  reduced  considerably  but  is 
still  present.  In  comparing  the  annular  and  hypermixing  ejectors  in  these  figures, 
one  finds  very  little  difference.  This  conclusion  was  supported  by  static  pressure  dis- 
tributions of  Figures  35  and  36, which  also  shewed  little  difference  between  the  annular 
and  hypermixing  configurations. 

Figures  40  and  41  present  COjj  sampling  data  results  at  stations  2 and  3, 
respectively.  In  each  figure,  the  secondary  airflow  was  at  its  design  value,  while  the 
primary  flow  rate  was  varied  from  100  to  50%.  Comparisons  are  again  made  between 
the  annular  and  hypermixing  configurations  and  again  the  results  indicate  very  little 
difference  between  the  shapes  of  the  profiles. 
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TABLE  XIV.  HYPFRMI32NG  EJECTOR  TEST  RUN  SUMMARY 


ER  PRESSURE  INSTRUMENTATION 


DISTANCE  FROM  EJECTOR  SPOOL  INLET  - INCHES 

35.  Axial  Preware  Distribution  Wg^Wg^  = 100%/Asnulnr  Ejector 


PRESSURE  INSTRUMENTATION 


- DISTANCE  FROM  EJECTOR  SPOOL  INLET  ~ INCHES 

Figure  36.  Axial  Pressure  Distributions,  Wg/Wf,  . = 100%/Hypermixing  Ejector 


CARBON  DIOXIDE  CONCENTRATION  - % BY  WEIGHT 
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CARBON  DIOXIDE  CONCENTRATION  - % BY  WEIGHT 


Figure  41.  Comparison  of  Station  3-CCfc  Distributions  with  and  without  Hypermixing 
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Comparison  of  all  annular  and  hypermixing  nozzle  data  led  to  the  conclusion 
that  there  was  virtually  no  difference  in  mixing  rate  between  these  two  ejector  con- 
figurations. Shadowgraphs  of  the  hypermixing  configuration  exhausting  directly  into 
ambient  air  were  taken  over  a range  of  pressure  ratios41.  These  shadowgraphs  are 
presented  in  Figures  42  through  46.  It  may  be  seen  that  there  is  very  little  spreading 
of  the  nozzle  exit  wake,  and  in  fact  it  appears  that,  as  the  nozzle  pressure  ratio  is 
increased,  the  wake  tends  to  move  toward  the  centerline  rather  than  spread  outward. 

Based  upon  the  foregoing  results,  it  was  reasoned  that  the  selected  design  for 
the  hypermixing  nozzle  did  not  provide  a sufficiently  large  radial  flow  component  to 
be  effective  and  therefore  did  not  introduce  the  desired  vorticity  into  the  flow.  A 
proposal  was  submitted  to  the  Aerospace  Research  Laboratories  to  modify  the  hyper- 
mixing nozzle  and  run  additional  tests.  This  proposal  waB  accepted  by  ARL.  The 
following  sections  of  this  report  describe  this  ejector  modification  and  its  experimental 
evaluation. 

The  foregoing  has  presented  only  a brief  review* **  of  these  initial  test  results, 
sufficient  to  draw  the  conclusion  that  the  original  hypermixing  nozzle  design  offered 
little,  if  any,  performance  improvement  over  the  simple  annular  nozzle.  In  discuss- 
ing test  results  for  the  modified  hypermixing  ejector,  additional  tent  data  for  the 
annular  and  hypermixing  ejector  (Runs  1-9)  will  be  presented  for  comparison. 


* Ejector  design  pressure  ratio  is  19.3 

**Additional  test  data  is  presented  in  Appendix  B of  this  report. 

79 


Figure  43.  Initial  Hypermixing  Ejector  Test  Shadowgraph 
Ejector  Pressure  Ratio  = 4. 9 


Figure  44.  Initial  Hypermixing  Ejector  Test  Shadowgraph 
Ejector  Pressure  Ratio  = 7.3 


SECTION  X 


MODIFIED  HYPERMIXING  EJECTOR  DESIGN 


The  hypermixing  ejector  concept  with  two-dimensional  subsonic  flow  exit  nozzles 
has  been  convincingly  demonstrated  by  ARL  in  past  test  programs  (Reference  5). 

With  the  ejector  ramjet  engine  concept  developed  in  this  program,  the  ejector  subsystem 
is  annular, and  the  primary  exit  flow  is  supersonic.  The  annular  ejector  creates  an  axi- 
jinmetric  flow  pattern  but  locally  approximates  a two-dimensional  nozzle  flow  field. 
Therefore,  the  supersonic  exit  id  the  fundamental  difference  between  the  ramjet  ejector 
end  previous  ARL  tests. 

With  the  hypermixing  ejector  design  developed  in  this  program  (See  Section  VII 
o f this  report)  the  radial  or  vertical  flow  component  results  from  the  nozzle  exit  plane 
static  pressure  differential.  With  this  ejector  configuration,  the  nozzle  throat  is 
horizontal.  The  resulting  flow  pattern  is  shown  below: 


As  discus? ed  in  the  preceding  report  section,  this  ejector  nozzle  configuration  resulted 
in  little,  if  any,  increase  in  local  mixing  inteisity. 

The  ARL  exit  nozzle  geometry  was  again  reviewed.  The  baseline  configuration 
is  shown  below: 
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In  particular,  It  should  be  noted  that  the  nozzle  throat  centerline  is  inclined  to  the 
horizontal  axis.  Marquardt/ARL  discussions  led  to  the  conclusion  that  the  nozzle 
throat  of  the  supersonic  ejector  nozzle  should  also  be  inclined.  Several  ejector  nozzle 
configurations,  which  < turned  the  nozzle  flow  axis  to  the  horizontal  axis,  were  developed. 
Figure  47  describes  the  selected  configuration.  The  nozzle  flow  centerline  axis  is 
lm  lined  15  degrees  to  the  horizontal;  therefore,  a large  radial  or  vertical  velocity 
component  will  result.  Furthermore,  adjoining  nozzle  segments  will  create  large 
vertical  velocity  differentials,  resulting  in  zones  of  intense  interaction.  ARL's  test 
experience  indicates  that  these  intense  local  flow  interactions  (i.  stream  vortices) 
are  basic  to  the  hypermixing  concept.  It  should  also  be  noted  in  Figure  47  that  this 
corflguration  provides  for  flow  splitting  at  the  juncture  of  adjoining  nozzle  segments. 

In  addition,  this  configuration  results  in  a smooth  exterior  geometry. 

The  resulting  ejector  nozzle  configuration  is  mechanically  more  complex  than  the 
initial  design  but  can  be  machined  by  using  conventional  techniques.  The  small  nozzle 
sir  3 is  more  of  a constraint  than  nozzle  geometry. 

In  the  ejector  design  presented  in  Figure  47,  the  existing  ejector  was  modified 
to  incorporate  this  design  approach.  The  nozzle  section  of  the  initial  ejector  design 
wa  i cut  away,  and  the  new  nozzle  section  was  welded  to  the  existing  hardware.  It 
should  be  noted  that  the  ejector  radial  location,  number  of  nozzle  segments,  nozzle 
throat  area,  and  nozzle  segment  aspect  ratio  did  not  change  from  the  initial  design. 
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SECTION  XI 

MODIFIED  HYPERMIXING  EJECTOR  EXPERIMENTAL  PROGRAM 


1.  HARDWARE  FABRICATION 

The  Modified  Hypermixing  Ejector  Test  Item  was  fabricated  in  Marquardt's 
experimental  shop.  Completed  assembly  photographs  are  presented  in  Figure  48  and 
Figure  49.  No  additional  hardware  was  required. 

2.  TEST  SETUP 

The  test  setup  used  to  evaluate  the  initial  hypermixing  ejector  design  was  also 
used  to  evaluate  the  Modified  Hypermixing  Ejector.  This  setup  is  fully  described  in 
Section  DC  of  this  report.  Figures  50  and  51  are  photographs  of  the  Modified  Hyper- 
mixing Ejector  Test  Item  installed  in  Marquardt  test  cell  7. 

3.  INSTRUMENTATION 

The  test  instrumentation  system  used  to  measure  the  performance  of  the  initial 
hypermixing  ejector  design  was  also  used  to  evaluate  the  Modified  Hypermixing  Ejector. 
This  test  instrumentation  system  is  described  in  Section  IX  of  this  report. 

4.  TEST  PROGRAM 

The  Modified  Hypermixing  Ejector  was  evaluated  over  the  range  of  50%  to  125% 
of  the  primary  design  flow  rate.  The  secondary  flow  rate  was  maintained  at  its  design 
value.  Nominal  test  conditions  are  summarised  in  Table  XV.  A test  run  summary  is 
presented  in  Table  XVI.  As  discussed  in  Action  IX  of  this  report,  three  mixer  spools 
and  two  mixer  total  pressure  rakes  could  be  arranged  in  several  different  test  configura- 
tions. The  mixer  spool  configuration  for  each  test  run  is  presented  in  Table  XVI.  The 
location  of  the  total  pressure  rakes  and  static  pressure  taps  for  each  test  run  is  presented 
in  the  following  subsection  at  this  report. 

5.  TEST  RESULTS 


i 


Axial  static  pressure  distributions  for  the  Modified  Hypermixing  Ejector  nozzle 
configuration  are  shown  in  Figures  52  through  54.  As  shown  at  the  top  of  these  figures, 
the  constant  diameter  mixer  spools  and  the  two  forward  total  pressure  rakes  were 
arranged  in  several  test  configurations.  Note  that  total  pressure  rake  3 for  the  initial 
ejectoi  nozzle  configuration  (Figure  26)  has  been  moved  forward  and  renumbered  1. 5. 

In  comparing  these  static  pressure  distributions  with  those  for  the  annular  and  initial 
hypermixing  nozzle  configurations  presented  earlier,  it  is  noted  that  the  maximum 
static  pressure  rise  is  achieved  in  a much  shorter  distance  with  the  modified  hyper- 
mixing ejector  design.  The  test  configuration  shown  in  Figure  53  is  believed  to  offer 
the  best  test  instrumentation  location  to  determine  this  pressure  rise,  and  it  may  be  seen 
that  the  peak  static  pressure  rise  occurred  at  about  station  13*  rather  than  at  station  21* 


*WPAVpD  = 100% 

Preceding  page  blank 
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Figure  50.  Modified  Hypermixing  Ejector  Test  Assembly 


TABLE  XV.  MODIFIED  HYPERMIXING  EJECTOR  TEST  CONDITIONS 


MIXER  PRESSURE  INSTRUMENTATION 


X- DISTANCE  FROM  EJECTOR  SPOOL  INLET  ~ INCHES 
Figure  52.  Axial  Pressure  Distributions,  Wg/WgD=  100% 


STATIC  PRESSURE  TAPS 


TOTAL  PRESSURE  RAKES 


MIXER  PRESSURE  If  3TRUMENTATI0N 


for  toe  initial  hypermix  and  annular  nozzles.  Also,  it  is  noted  in  Figures  52  and  53 
that  the  static  pressure  decreases  beyond  about  station  17. 5,  Indicating  that  for  these 
configurations  the  mixer  is  too  long  and  that  viscous  losses  are  beginning  to  build  up. 
Figure  54  with  the  shortened  mixer  length  does  not  show  this  characteristic  and  indicates 
a higher  static  pressure  ratio  at  the  end  of  the  diffuser,  which  is  the  result  of  eliminating 
these  viscous  losses. 

Figure  55  presents  a comparison  of  the  axial  distribution  of  total  pressure  in  the 
mixer  for  the  annular  ejector  nozzle,  the  initial  hypermixing  ejector  design,  and  the 
modified  hypermixing  ejector  design.  This  comparison  is  based  upon  nominal  design 
conditions  for  both  the  primary  flow  rate  and  secondary  flow  rate.  In  addition  to 
presenting  the  averaged  rake  total  pressure  data  in  the  mixer  and  diffuser, 
shown  as  open  symbols,  total  pressures  computed  from  measured  static  pressures 
and  continuity  relations  are  shown  as  solid  symbols.  Conclusions  that  were  drawn 
from  these  results  include: 

1)  The  maximum  total  pressure  recovery  in  the  mixer  is  essentially 
identical  for  the  annular  and  initial  hypermixing  nozzle  configurai.ons, 
thus  supporting  previous  observations. 

2)  The  maximum  total  pressure  for  the  annular  and  initial  hypermixing 
nozzle  configuration  occurs  approximately  at  station  21  (15. 5 inches 
downstream  of  ejector  nozzle  trailing  edge). 

3)  The  maximum  total  pressure  for  the  modified  hypermixing  ejector 
configuration  occurs  at  station  13,  indicating  the  reduction  in  mixing 
length  achieved  with  the  modified  design. 

4)  The  absolute  value  of  maximum  total  pressure  achieved  between  the 
initial  and  modified  hypermixing  designs  cannot  be  compared  directly 
inasmuch  as  this  parameter  is  strongly  affected  by  actual  test  conditions. 

It  should  be  noted  that  the  notation  Wp/WpD  = 100%  or  Ws/Ws  = 100% 
represent  nominal  values,  and  the  actual  values  may  vary  ± 5%. 

Comparison  of  total  pressure  pumping  ratio  and  mixing  efficiency 
between  ejector  configurations  is  presented  in  this  report  section. 

In  discussing  Figure  55,  the  question  might  be  asked  about  fairing  the  data 
curves  through  the  static  pressure-continuity  values  rather  than  the  total  pressure 
rake  data.  In  addition  to  there  being  more  static  pressure  data,  the  averaged 
total  pressure  rake  data  tend  to  give  erroneous  values  when  the  flow  is 
not  uniform.  In  the  initial  sections  of  the  mixer,  an  arithmetic  average  tends  to 
underestimate  the  total  pressure  since  the  lowest  reading  tubes  represent  a small 
percent  of  the  total  flow  area  or  mass  flow.  On  the  other  hand,  with  long  mixing 
lengths,  a turbulent  flow  profile  characteristic  is  developed,  and  an  arithmetic  average 
tends  to  overestimate  the  total  pressure  by  not  accounting  for  the  large  percent  of  area 
and  flow  developed  near  the  walls. 
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X-DISTAN CE  FROM  EJECTOR  SPOOL  INLET  ~ INCH] 
Figure  55.  Axial  Total  Pressure  Distribution  Comparison,  WS/Wgjy 


Similar  axial  total  pressure  distributions  are  shown  in  Figures  56  and  57  for 
the  annular  and  initial  hypermixing  ejectors,  respectively,  over  a range  of  primary 
flow  rates.  It  will  be  noted  *hnf  the  required  lengths  for  both  configurations  are 

similar,  supporting  the  earlier  conclusion  that  the  original  hypermixing  ejector 
offered  no  advantage  over  the  annular  ejector.  Note  that  at  the  low  primary  flow  rate 
both  ejectors  achieved  the  maximum  total  pressure  at  about  station  11,  whereas  for 
the  higher  primary  flow  rates  this  maximum  was  delayed  to  approximately  station  21. 

With  respect  to  maximum  total  pressure  level  achieved,  it  should  be  noted  that  these 
levels  (Prmax/i4'1)i  as  a function  of  secondary  to  primary  flow  rate  (Wg/Wp),  are 
essentially  the  same  between  the  annular  ejector  and  the  initial  hypermixing  config- 
uration except  for  Wp/Wpp=  125%.  Nominal  test  conditions  were  not  achieved  with  the 
annular  ejector  (Runs  2-23)  in  that  only  about  one  half  of  the  desired  C02was  delivered  to 
the  primary.  Had  nominal  test  conditions  been  achieved,  it  is  believed  that  the  pressure 
rise  for  the  annular  ejector  would  have  increased  to  that  achieved  for  the  initial  hyper- 
mixing design. 

Figure  58  presents  similar  data  for  the  modified  hypermixing  ejector  for  a range 
of  primary  flew  rates.  As  noted  earlier,  the  maximum  total  pressure  was  achieved 
with  shorter  lengths,  and,  unlike  the  results  presented  in  Figures  56  and  57  for  the 
annular  and  initial  hypermixing  design,  the  mixer  length  for  maximum  total  pressure 
rise  did  not  change  appreciably  with  primary  flow  rate  over  the  range  of  Wg/Wp  tested. 

The  effect  of  varying  secondary  airflow  at  constant  primary  flow  could  only  be 
determined  for  the  initial  hypermixing  ejector  configuration.  (See  test  conditions  in 
Table  XIV  )•  These  data  are  presented  in  Figure  59.  Over  the  range  of  Wg/Wp 
covered,  the  length  required  to  reach  maximum  total  pressure  varied  little.  It 
will  be  noted  that  the  maximum  total  pressure  ratio  gf  jerally  decreased  as  the  value 
of  Wg/Wp  increased.  An  apparent  exception  to  this  rule  is  observed,  however, 
inasmuch  as  the  pumping  ratio  for  Wg/Wp  = 6. 63  exceeds  that  for  Wg/  Wp  of  4. 76. 
However,  a larger  exit  nozzle  was  used  for  values  of  W;g/Wp  £ 6. 63.  The  Mach 
number  into  the  mixer  has  correspondingly  been  increased,  which  increases  jet 
pumping.  Increased  jet  pumping  with  increase  in  is  shown  in  Figure  60.  where  the 
maximum  total  pressure  achieved  in  the  mixer  is  plotted  versus  a correlation  parameter 
involving  Mj  and  W.  'Wp,  As  may  be  seen,  this  correlation  applies  with  good  accuracy 
to  the  annular  ejector,  initial  hypermixing  ejector  nozzle,  and  modified  hypermixing 
ejector. 

Figures  55  through  58  provided  the  necessary  information  to  define  the  mixer 
lengths  required  to  achieve  full  mixing.  The  mixer  lengths  required  to  develop  maximum 
mixer  total  pressure  and  to  develop  95%  of  this  pressure  rise  were  determined.  Figure 
61  compares  required  mixer  length  data  (in  terms  of  mixer  length/diameter  ratio)  for  the 
annular,  initial,  and  modified  hypermixing  ejectors.  It  clearly  shows  the  major  reduction 
in  required  mixing  length  discussed  above.  At  the  ejector  design  point,  the  required 
mixer  length  was  reduced  approximately  fifty  percent.  In  addition,  the  data  of 
Figure  61  supports  the  general  conclusion  that  there  was  little  difference  between  the 
annular  and  initial  hypermixing  ejector  designs. 
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ER  PRESSURE  INSTRUMENTATION 


MAXIMUM  TOTAL  PRESSURE  RATIO 


Figure  60.  Maximum  Mixer  Total  Pressure  Ratio  Correlation 
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Marquardt  had  previously  conducted  several  ejector  /Jet  compression  test 
programs  under  U.  S.  Air  Force  sponsorship.  As  a result  of  this  work,  required 
mixer  length  wac  correlated  as  a function  of  the  number  of  primary  nozzles,  the 
primary  exit  Mach  number,  the  secondary /^primary  flow  rate  ratio  (Ws/Wp), 
primary/secondary  total  temperature  ratio. and  mixer/ejector  geometry.  Figure  62 
compares  this  experimentally  derived  mixer  length  correlation  with  the  mixing 
length  data  obtained  in  this  program.  With  the  exception  of  the  Wp/Wp^=50%  data 
(i.e.  large  correlation  parameter)  the  data  obtained  in  this  program  compare 
well  with  the  previously  developed  correlation.  At  the  Wp/WpD  = 50%  test 
conditions,  the  ejector  nozzles  may  have  experienced  flow  separation.  Test  Instrumen- 
tation did  not  permit  resolution  of  this  question. 

As  a summary  presentation,  Figure  62  contains  the  following: 

• The  modified  hypermixing  ejector  mixing  length 
data  obtained  in  this  program. 

• Marquardt's  previously  derived  mixer  length  correlation. 

• Mixer  length  data  from  several  previous  Marquardt  test  programs. 

Data  are  shown  for  one,  four,  eight,  and  thirty-six  primary  nozzle 
ejectors.  In  addition,  data  for  the  annular  ejector*  tested  under 
Contract  AF33(S57)-12146  are  presented. 

Mixer  efficiency  is  a measure  of  total  pressure  and  momentum  losses  in  the 
ejector  nozzle/mixer.  In  order  to  determine  the  mixing  efficiencies  aohieved  in 
these  tests,  actual  test  conditions  were  used  as  Marquardt  ejector  ramjet  performance 
computer  program  input,  and  mixer  efficiency  was  parametrically  varied  until  a 
a pumping  total  pressure  rise  that  matched  the  experimental  data  was  achieved. 

Typical  results  for  the  annular  norzle  are  illustrated  in  Figure  64.  These  data  indicate 
an  achieved  mixing  efficiency  value  between  98. 5 and  99%.  These  values  are  consistent 
with  previous  experimental  data  and  verify  the  98. 5%  assumption  used  to  predict  ejector 
ramjet  performance. 

Similar  mixer  efficiency  data  for  the  initial  hypermixing  configuration  are  shown 
in  Figure  65.  The  data  again  fall  between  98. 5 and  99%.  Finally,  data  for  the  modified 
hypermixing  ejector  design  are  presented  in  Figure  66.  Although  some  difference  in 
shape  of  this  curve  with  the  two  previous  curves  exists,  the  general  result  is  that  the 
mixing  efficiency  is  about  99%.  The  conclusion  then  is  that  use  of  the  hypermixing 
nozzle  to  shorten  the  length  required  for  complete  mixing  does  not  introduce  additional 
pressure  losses  into  the  system.  It  is  probable  that  the  reduced  length  results  in  reduced 
friction  losses  in  the  mixer,  thus  offsetting  the  mixing/shock  losses  incurred  with  the 
hypermixing  ejector  design. 


eJpglor  -o.  63  (See  Section  VH  of  this  report . ) 
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MAXIMUM  PUMPING  PRESSURE  RATIO,  PTMAX'/P'r 


MAXIMUM  PUMPING  PRESSURE  RATIO 


Finally,  Figure  67  indicates  the  mixing  efficiency  for  a large  range  of 
secondary  flow  rates  with  constant  primary  flew  for  the  initial  hypermixing  config- 
uration. Two  distinct  curves  are  seen,  where  one  produces  the  familiar  98  . 5-99% 
mixing  efficiency  value,  while  the  second  provides  mixing  efficiencies  of  greater 
than  99. 5%.  This  second  curve  applies  to  the  low  mixer  inlet  Mach  number  data 
discussed  previously,  resulting  from  use  of  a small  exit  area  nozzle.  This  result 
indicates  that  mixer  inlet  Mach  number,  Mj_,  should  be  low  for  high  mixing  efficiency, 
while  previous  data  (Figure  60)  indicate  a lower  pumping  pressure  ratio  as  Mi  is 
decreased. 

Total  pressure  profiles  for  the  annular,  initial,  and  modified  hypermixing 
ejector  are  compared  in  Figures  68,  6 9, and  70.  In  these  curves,  the  primary  and 
secondary  flow  rates  were  nominal  design  values.  The  conclusions  drawn  from  study 
of  these  curves  support  the  previously  presented  test  analyses  and,  therefore,  are 
not  reported  here. 

Appendix  C of  this  report  presents  additional  total  pressure  profile  data.  In 
addition,  this  appendix  also  presents  carbon  dioxide  profile  data.  The  C02  profile 
data  support  the  test  analyses /conclusions  reported  above  and  therefore  are  not 
presented  in  the  main  body  of  this  report. 

It  has  been  established  from  the  achievement  of  maximum  static  and  total 
pressure  rise  in  the  mixer  that  the  required  mixing  length  for  the  modified  hyper- 
mixing ejector  occurs  between  axial  stations  18  and  15.  At  these  stations,  the  flow  is 
not  uniform.  This  is  illustrated  in  Figures  71  and  72.  In  Figure  71,  the  CC>2  distortion 
factor  /’  is  plotted  versus  mixer  axial  station,  where  "/"  is  defined  by 


/ 1 _ f max  - /min 

7 — 

A given  quantity  of  COg  was  injected  through  the  primary  nozzle.  If  the  flow  were 
completely  mixed,  the  weight  percentage  of  CO^  would  be  constant  at  a value 

_ WCQ2 

wpws 

and  /’  would  be  equal  to  zero.  Values  of  /’  greater  than  zero  then  are  a measure  of 
nonuniformity  of  the  injected  COg  across  the  mixer.  In  Figure  71,  / ' starts  out  at  a 
high  value  at  the  ejector  nozzle  exit,  indicating  nonmixed  flow,  and  then  decreases 
almost  asymiotically  with  mixer  length. 


Figure  72  presents  similar  total  pressure  distortion  data  as  a function  of  mixer 
length.  Here  the  distortion  factor  wan  defined  as 

^max ^mln 
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MAXIMUM  PUMPING  PRESSURE  RATIO,  Ptmax/PTi 


RADIUS  Y - INCHES 


Figure  68. 


Comf  arisoa  of  Total  Pressure  Profiles  Mixer  Station  1 and  1.5 

113 


. ~»Ji. u 


Modified  Kypermixing  11R-5 
„ 12-20 


RADIUS  Y - INCHES 

Figure  70.  Comparison  of  Total  Pressure  Profiles  N -xer  Station  3 and  3P 
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MIXER  PRESSURE  INSTRUMENTATION 
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> 
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Figure  71.  Axial  Distribution  of  Carbon  Dioxide  Concentration 


1 


The  shape  of  this  curve  is  similar  to  that  of  P , and  serves  to  illustrate  that  the 
length  required  for  complete  mixing  is  a function  of  the  parameter  chosen,  i,  e. , 
static  pressure,  total  pressure,  total  pressure  distortion,  etc.  Forth-  Mupose 
of  ejector  ramjet  engine  design,  the  length  required  for  maximum  total  pressure 
rise  is  the  most  meaningful  parameter,  inasmuch  as  engine  performance  and  efficiency 
increase  with  pressure  while  not  being  particularly  sensitive  to  flow  distortion.  The 
length  provided  by  the  diffuser  will  provide  additional  mixing,  thus  reducing  total  f 

pressure  distortion  and  / ',  and  at  the  Same  time  increasing  combustor  static  pressure.  j 

i 

A sample  indication  of  diffuser  performance  is  given  in  Figure  73.  j 

Ideal  and  measured  total  and  static  pressures  across  the  test  diffuser  are  shewn  for  , 

design  airflow  and  primary  flow  values.  The  total  pressure  recovery  across  the 
diffuser  was  0.  991  compared  to  the  ideal  1. 00.  For  a diffuser  entrance  Mach  number 
of  0.361,  the  diffuser  efficiency  is  89%.  This  efficiency  was  established  by  using  the 
results  of  Figure  74.  A diffuser  efficiency  of  90%  was  used  to  estimate  ejector  ramjet 
performance.  Based  tpon  this  limited  analysis,  the  90%  diffuser  efficiency  value 
appears  to  be  warranted. 

The  foregoing  results  indicate  significantly  improved  mixing  with  the  modified 
hypermixing  ejector  design.  Shadowgraphs  were  taken  of  the  flow  at  the  exit  of  the 
modified  ejector  nozzle  dumping  into  ambient  air  over  a range  of  pressure  ratios. 

These  shadowgraphs  are  presented  in  Figures  75  through  80.  In  comparison  to  the 
shadowgraphs  for  the  initial  hypermixing  ejector  design  (Figures  42  through  46),  the 
modified  design  provided  distinct  radial  flow  patterns  which  by  alternating  the  direction 
in  and  out  provided  the  necessary  vorticity  to  increase  rapidly  the  rate  of  mixing. 
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Figure  75.  Modified  Hypermixing  Ejector  Test  Shadowgraph 
Ejector  Pressure  Ratio  =2.  6 


Figure  77.  Modified  Hypermixing  Ejector  Test  Shadowgraph 
Ejector  Pressure  Ratio  = 7.3 


Figure  78.  Modified  Hypermixing  Ejector  Test  Shadowgraph 
Ejector  Pressure  Ratio  = 9. 7 


Figure  79.  Modified  HypermLxiug  Ejector  Test  Shadowgraph 
Ejector  Pressure  Ratio  = 12.  0 


Figure  80.  Modified  Hypermixing  Ejector  Test  Shadowgraph 

Ejector  Pressure  Ratio  = 12. 0 (Enlargement  of  Figure  79) 


SECTION  xn 
CONCLUSIONS  & BECOMMENDATSONS 


Six  fundamental  conclusions  were  drawn  during  conduct  of  this  program.  The* a * 

conclusions  are  presented  below.  I 

i 

1.  The  specified  engine  operating  envelope  was  Mach  O'. 70  to  0. 90  from  j 

sea  level  to  30000  feet  altitude.  The  engine  design  point  was  taken  as  Mach 

0. 75  @ 20000  feet  altitude.  Three  ejector  ramjet  engine  cycle  variations 
were  evaluated  at  the  design  point : 1)  Fuel  addition  - mix/diffuse A'urn;  2) 

Fuel  addition  - simultaneous /mix  burn  and  3)  Oxidizer  addition.  Tut,  mel 
addition-mix/duffuse/burn  cycle  was  clearly  shown  to  be  superior.  The 
selected  fuel  was  unsymmetrical  dimethylhydrazine  (UDMH). 

2.  A preliminary  design  of  the  fuel  addition-mix/diffuse/bum  engine  was 
established  by  using  realistic  component  efficiencies  and  UDMH  thermo  chemical 
properties.  Engine  performance  was  estimated.  At  the  engine  design  point, 

the  ejector  ramjet  produced  about  twice  the  thrust  of  a conventional  hydrocarbon 
fueled  ramjet  with  a small  penalty  in  specific  fuel  consumption.  It  is 
believed  this  engine  can  be  developed  with  a suitable  program. 


3.  The  initial  hypermixing  ejector  design  developed  in  this  program  was 
annular  in  planform,  the  ejector  nozzle  centerline  was  parallel  to  the  mixer 
centerline  and  the  supersonic  exit  nozzle  was  scarfed  in  alternating  nozzle 
segments  to  create  the  desired  vortksity.  Tests  of  an  annular  ejector  and  the 
hypermixing  ejector  showed  little,  if  any,difference  in  performance.  Performance 
was  measured  in  terms  of  mixing  length  required  for  full  mixing  and  mixing 
efficiency.  Mixing  efficiency  is  a strong  indicator  of  the  ejector  nozzle  thrust 
coefficient  (i.e.,  nozzle  efficiency). 

4.  The  initial  hyper  mixing  ejector  configuration  was  modified  to  incline 
the  ejector  nozzle  centerline  15°  to  the  horizontal  mixer  centerline.  All 
other  ejector  design  characteristics  were  unchanged.  The  mixing  performance 
of  this  ejector  was  outstanding.  The  length  to  mix  fully  was  approximately 
50%  that  of  the  annular  and  initial  hypermixing  designs.  At  the  ejector  design 
point,  full  mixing  (maximum  mixer  total  pressure)  was  achieved  in  1. 7 duct 
diameters.  To  achieve  95%of  the  maximum  mixer  total  pressure  required  1. 3 
duet  diameters.  The  mixing  efficiency  of  this  ejector  configuration  was  equal 
to  that  of  the  annular  and  initial  hypermixing  designs,  i.  e. , 98. 5 to  99%. 

5.  The  required  mixing  length  for  the  modified  ejector  design  correlated 
well  with  previous  Marquardt  ejector /ejector  ramjet  test  data.  As  pointed  out 
above,  at  the  ejector  design  point,  full  mixing  was  achieved  in  1. 7 duct  diameters. 
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It  is  interesting  to  note  that  while  maintaining  ejector  geometry/teat  conditions, 
approximately  sixty  individual  planar  nozzles'is  required  to  achieve  the  same 
mixing  length.  This  relationship  was  developed  from  prior  Marquardt  test 
experience. 

6.  The  use  ct  hypermixing  ejector  technology  has  demonstrated  a short, 
light  weight, and  relatively  simple  ejector/mixer  which  meets  the  requirements 
of  ao  attractive  ejector  ramjet  engine. 

Two  recommendations  are  made  for  future  work. 

1.  The  modified  hypermixing  ejector  performed  quite  well,  but  this  design 
was  not  optimized.  Further  experimental  work  should  be  undertaken  to  refine/ 
optimize  this  ejector  design  concept  for  supersonic  primary  exit  conditions. 

2.  Additional  applications  of  this  ejector  technology  should  be  considered. 
Two  specific  examples  are:  1)  Ducted  Rocket  solid  fuel  gas  generator  primary 
nozzle(s)  and  2)  Boundary  layer  energized  large  angle  subsonic  diffusers. 
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ABSTRACT 

A summary  is  presented  of  the  results  of  an  experimental  inves- 
tigation to  determine  the  operating  characteristics  of  unsymmetrical 
dimethylhydrazine  ( UDMH ) as  a monopropellant.  Smooth,  reliable, 
thermal  decomposition  was  obtained  with  a chamber  having  a char- 
acteristic length  ( L* ) of  5000  in.  At  this  L *,  tests  were  made  over 
a chamber-pressure  range  of  50  to  600  psia.  The  characteristic  veloc- 
ity (c* ) at  300-psia  chamber  pressure  was  found  to  be  approximately 
3200  ft/sec.  Also  investigated  were:  ( 1 ) the  catalytic  decomposition 
of  mixtures  of  I'OMH  and  hydrazine,  (2)  the  thermal  decomposition 
of  UDMH  at  L*  Valin's  of  2115  to  8000  in..  (3)  the  thermal  decom- 
position of  UDMH  utilizing  regeneratively  preheated  fuel,  and  (4) 
the  thermal  decomposition  of  UDMH  utilizing  supplementary  pre- 
heated fuel.  Testing  under  this  latter  condition  permitted  operation 
at  L*  values  as  low  as  306  in. 

Exhaust  gases  were  analyzed,  and  an  attempt  was  made  to  deter- 
mine quantitatively  the  carbon  content  of  the  exhaust  products. 


I 


I.  INTRODUCTION1 


Interest  in  unsymmetrical  dimethylhydmme  as  a 
rocket  fuel  lias  increased  quite  i.tpully  since  it  was  first 
produced  in  reasonable  quantities  a tew  yean  ago. 
Undoubtedly.  (lie  greatest  incentive  for  iletailfd  evalua- 
tion of  this  compound  has  been  the  rise  to  national 
importance  of  storable  liquid-propellant  iyst«*m*.  One  of 

TV  rxprrimmtal  pmsraiw  ilnnfa<l  in  this  Rrpnrt  *11  ct*n- 
ph-tui  in  Jnl).  1 **%“.  I'nliJ  I V prew'M  time.  inmivrr,  paiMnatmn 
nt  tV  it  «ih>  wax  n-unctrd  to  Mrtnal  at. 


the  most  interesting  aspects  in  the  utili/attiiNi  of  UDMH  is 
that,  in  addition  to  possessing  reasonably  good  theoretical 
hijwnpellant  performance  (Ref.  1).  it  is  thrrnMKbemicaUy 
unstable.  which  should  permit  its  sue  as  a monnpmpeUant. 

The  freezing  point  of  UDMII  is  71  F (compand 
With  W .5  F for  anhvdrous  hydrazine),  ami  it  was  prin- 
cipally this  freezing-poiof  advantage  whieli  led  to  sev- 
eral previous  investigations  oi  tin-  desirability  <4  UDMH 
as  a monopropellatit  TIm*  tlwriual  stability  ot  UDMH 
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Mas  tested  at  tin*  Mililivltu  (airporatiou  i Ref.  1)  liy 
cxposmi;  its  va|*ir  to  a heated  wire:  there  was  no  audible 
■or  visible  reaction  win  at  white  lu-at.  Hydrazine  vapors 
iiimUt  similar  conditions  ignited  ratlicr  violently.  Tile 
Naval  OrdnatK-e  Test  Station  (Ref.  2)  found  tlut.  after  a 
duration  of  one  second.  UDMif  vvpir  at  10  'iikiI  liter  in 
nitroy'i-n  was  partially  decomposed  at  450  C and  com- 
pletely iUxs  imposed  at  500 'C. 

Aerojet-General  Corporation  ( Ref.  3)  states  that  l’l)  Ml  I 
lieuted  slowly  in  a stainless-steel  Isomb  does  not  dccom- 
posc  explosively'  below  675 ’F  (3S7‘C). 

CriHin  (Ref.  4l  of  Olin  Muthiesor  Clieinicai  Corpora- 
tion reported  on  an  attempt  to  operate  L'DMH  as  a mono- 
fuel  Uas-Kem'rant  in  a small-volume.  lar|{o-/.‘  react i(  hi 
clumber.  Tliis  attempt  was  unsuccessful.  and  it  was  con- 


cluded that  use  of  I'DMIi  as  a numopropellant  was 
doubtful.  Crilfin  also  reporttd  some  calculates!  |terforni- 
aiKs-valwsforl'DMIl.assuiuiuit  tlut  it  would  «i|>erate  as  a 
utouo])ropcllant: /.,  I SO  six' ami T.  2257  K. Tliis Hame 
temperature  is  toiisidernbl)  liii'licr  tlun  desirable  for  most 
moiu>pro{iellant  uus-ce  aeration  applications. Tliis  potential 
shortcnmini!  of  l T»MH  cave  CriHin  furtlier  doulits  as  to 
its  appliealiility  as  a ntoniipni|>ellaut  nas-ijciierant . 

In  an  experiment  at  the  jet  Fropiilsinu  lailmrators . 
Grant  i Kef  l leported  on  a Upic.il  iiionopropclluiit- 
hydrazinc  eatalytie  decomposition  clunilter  operatim:  oil 
a uiistiire  of  with  10  sst  *«  hsdra/.ine  for  alioiit 

(SO  sis-.  Tile  le.ietiou  was  initi ited  I A first  upcrutilii;  the 
chamlier  on  pure  lixdra/iuv:  alter  10  sec.  the  uiistiire  was 
introduced.  Approximate!)  .10  attempts  made  to  duplicate 
this  experiment  were  without  success. 
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II.  EXPERIMENTAL  PROGRAM 


With  tlu*  background  described  in  Sec.  I,  an  experi- 
mental program  was  initiated.  The  program,  had  the 
following  objectives:  (1)  Determine  whether  or  not 
I'DMH  mild  be  made  to  operate  reliably  as  a mono- 
propellant,  and  if  so.  (2)  investigate  the  operating  char- 
acteristics of  I’DMH  under  various  conditions. 

A.  MonoproptUonf  Tatis  with  Hytbtnhw- 
UDMH  Mixtu** 

In  as  inncli  as  tlu*  results  of  the  previous  investigators 
had  indicated  tlu*  potential  difik-ultv  of  operating  L'DMH 
us  a monopropellant.  a series  of  experiments  was  carried 
out  to  determine  tlu*  extent  to  which  hydra/iru*  could  he 
diluted  with  I'DMH  and  still  xupp.rt  decomposition  in 
a typical  h.  ilrazinc-gas  generator.  Grant  liad  already 
shown  (Hef.  4)  tliat,  niuler  conditions  suitable  for  hydra- 
zine. a mixture  containing  907  (by  wt)  I'DMH  appeared 
to  Ik*  besom  1 tin*  limit  of  reproducible  decomposition. 
A mixture  containing  a cmiccntration  of  937  L’DMH  is 
required  in  order  to  olitain  a --40rF  freezing  point 
(Fig.  1). 

TIm*  subject  experiments  utilized  the  gas  generator 
sluiwn  in  Fig.  2;  the  internal  construction  of  the  genera- 
tor is  xluiwn  in  Fig.  3.  The  chamber  (ft  in.  long  X iJJ-in. 
ID  with  liner)  was  filled  with  hydrazim^lecompnsition 
catalyst.-  II-A-3  or  H-7.  which  was  electrically  preheated 
to  from  1000  to  IfiOO’F.  Hk*  fiM*l  mixture  was  sprayed  on 
top  of  tlu*  catalyst  bed  by  means  of  a hollow -corse  spray 
injector.  Tlu*  V was  103ft  in.;  chamber-pressure  and  fuel 
flow-rate  measurements  jurovkied  data  from  which  C* 
valiu*x  wa*/e  calculated.  Clamber  pressure  was  main- 
taiiusl  at  approximately  300  psia.  Experimental  remits 
muler  tlu*sc  conditions  an*  shown  in  the  h*ft-hand  portion 
of  Fig.  -a.  As  this  scries  of  tests  progressed,  it  because 
a|i)uniit  tliat  earlum  formation  in  tlu*  catalyst  bed  would 
limit  tlu*  extent  to  whieli  L'DMH  could  he  sulatihited 
for  hydraziiu*  in  the  fcxxl  mixture.  Tlu*  amount  of  earlum 
left  in  tlu*  !u*d  after  each  test  inereaiaxl  with  increasing 
L'DMH  (XMHimtrutsnu  until,  at  407  I'DMH.  iho  decom- 
position rcactum  could  not  lu*  maintaituxl  f«»  tlu*  usual 
4-miss  test  iliiratum. 


Fig.  I.  Malting  Faints  af  Mm  UDMH  Hvdfilnr  tyalam 


By  removing  tlu*  catalyst,  increasing  the*  initial  pre- 
lu-atcd  chamiu*r  temperature  to  1000  F.  and  increasing 
tlu*  /,*  (smaller  mizzle  diameter),  it  was  possible  to  con- 
timu*  mnnopropcllant  operation  with  increased  L'DMH 
concentration  up  to  uiul  including  1007  L'DMH.  The 
resulting  experimental  perforinanci*  Is  plotted  in  the 
right-hand  portion  of  Fig.  4. 

The  experimental  r*  and  T,  for  pure  UDMH  decom- 
position an*  compared  with  theoretical  values  calculated 
on  the  last's  of  elietnical  equilibrium  and  assuming  final 
reaction  pnsliKti  of  H...  N...  CH„  NH ,,  HCN.  and  C 
(heat  at  formation  <>.  for  UDMH  4 12.72  keal/mol). 

L'DMH  Decomposition  (300  psia) 

Esitrrimunlmt  Cairulalnl 

c°.  ft/sec  3220  3flB0 

T„  °F  IJg2  1407 

Untler  the  same  conditions  (if  pressure  and  thenrrtical 
reaction  temperaturi*.  tlu*  calculated  r*  for  hydrazine'  is 
4183  ft . Mv.  Tims,  a 127  ilccrcasc  in  i ' hand  on  theoreti- 
cal calculations  was  to  lu*  expected  upon  going  from 
hydrazine  to  I'DMH  gas-generator  operation;  whereas, 
a 229  decrease  in  « was  cs|u*riinentally  nlwwnl. 


TW  e.itab'U*  nawiU  if  inn.  nirlM.  usi  ctfut  supported  no 
.ilimtma.  In  (!«•  <«■  itl  ll-X-V  I fa-  alumina  is  artivatnl,  m H-7, 
tin-  akmuiM  i»  iiiM.I  ( R-f  XI. 


The  derompoMlrm  t.inprrU.iir  <4  liydrazUw  ran  hr  inaOmiM 
!.v  Mi>mi  |W’  i jUlvx  !■  *1  <l<  Hi  T<  Hi|kiamr  <4  ISI7  K tin 
ri-.|HNMl\  In  71  *il  .iiimriiii.i  disvu  mImmi  i Kef  *i  * 
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Fif.  4.  P*rf*/monc#  of  UDMH-Hydraiiiw  Mialvrat 

B.  JUonopropollanl  Tests  with  UDMH 

Having  found  tliat  UDMH  would  perform  as  a mono 
l?rnpcllant  under  certain  conditions.  it  remained  to  studs 
Ik*  effect  which  variations  in  tlM*sc  conditions  would 
liavc  on  its  performance.  Tin*  effects  of  changes  in  chain- 
Ikf  pressure.  1. . ami  fuel-injection  state;  i.e..  liquid  or 
vapor,  were  d<*t«fininrd. 

1.  Unheeded  fuel 

a.  Effect  of  chamber  pressure  on  ftrrfoenumcc.  A num- 
Iht  of  iiMHinprojvllant  t«*sts  were  maik*  with  UDMH  at 
cluinilkY  pressures  from  50  to  600  psia.  Tlu*  resulting 
chumlxT  temperature  and  c * valnes  (average  of  4 to  22 
t»*sts  at  4510  to  50n0-in.  L*}  are  given  in  Figs.  5 and  6 
ami  Tahk*s  1 and  2.  For  puqxwes  of  comparison,  the 

Tobl*  1 . Experimentally  DtHmtiiwd  VoJim 
of  Choractnmtic  Velocity  for 
MonopropeHont  UDMH 


Cheroctortatk  Velecity 
ft/m* 


»• 

IMMHt 

la. 


r*  t«  i» 

MMia.  HNS.  Hill 


TabU  2.  Moowrod  Volya  of  KoodUa  Tompo  return 


Pmwra  t*  (• 

"*'*•*  r.ro-Hoo  4MM«ft  sa^ia.  tltft 


‘ *IS4 

1154(10)  I ms 

117501)  ( 1144 
MS 


tssoni 

I1MJD 


MoW:  KnIhM  wumbqtf  indicate  owbir  of  H»4i  video!  < 
wore  o ctofif  |#  obfam  tobvlortod  wmobor.  A -orapoi  bock 
roowih  fa  * SO  pt«t  of  #*  I i»o*bit  ymyn  obav 


theoretical  values  calculates!  on  the  basis  of  thermo- 
clktuicai  equilibrium  at  75.  300.  and  MM)  psia  are  included 
in  Figs.  5 aikl  6 ami  tabulated  in  Talile  3. 

It  is  evident  from  tlu*se  curves  tliat  tluTmoclieuiical 
equilibrium  is  not  attained.  Tlusiretical  diatnlier  tem- 
jieratures  ranged  mcr  -100  F lietween  75  ami  600  psia; 


OOMftCII  MCSSUKC.  tci  PSOI 
Fig.  S.  UDMH  P»r(»<monu  (Unfteoted  Fvct  F*ed>,  « vt 
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Fig.  0.  UOMH  Mwmwm  lUwImht  M Pm#,  f,  v*  p. 

wlnveas.  «l»mv(l  tcmpnutimt  dunged  only  airnut 
75  F.  I mlouUcdly,  error*  of  temperature  measurement 
arc  inviilvitl  also;  the  ti*mpcraturc%  were  measured  by 
means  of  a lure  cliroincl-alumcl  tlicrmocouple  kieatixl 
in  tin*  center  of  tin*  dianiltcr.  TIm*  c\|ierimcntal  uml 
tlaxircticul  c curves  slam  l letter  agreement  in  sha|ic  or 
amount  of  change  nver  tlic  MKk  to  600-  )tsia  range.  hut 
tin*  mcasunxl  calm's  are  alinut  500  ft  sec  lower  than 
tltcorctical  value*. 

On  tlic  liasis  of  actual  experimental  results,  it  is  evi«U>ut 
tlwt  duuges  iu  dianiltcr  pressure  over  tile  range  investi- 
gates! ttavc  a small.  Imt  detectable.  effect  on  performance 
of  IPMII  as  a inonopro)>dlunt. 

h.  Effect  nf  /.*  on  furforumtuv.  Altlmugh  insist  of  tin* 
n>MII  testing  was  slum'  at  4510-  to  5005-in.  /.’.  tests 
were  also  nude  at  21 15.  2S70.  3660.  ami  7870  to  8000  in. 
Averagtsl  results  are  indudixl  in  Tallies  1 and  2.  No 
trcml  in  dtamlicr  tini|>erature  mr  <•*  values  cnulil  la* 
<l4*ti*d<xl  for  tlic  I.  range  invest igatixl.  Monopropcll.mt 
opi'ration  could  mg  lie  extended  itelow  2115-in.  //. 

Table  3.  Calculated  Performance  of  UOMH 

Mu  HaaoMaaoIlaal^ 
bfl 


ClNHhw  Frown 

n 

M0 

044 

3... 

10.11 

11.01 

11.4* 

r.  •» 

1114 

1447 

ISM 

('.H'm 

MM 

3400 

371* 

!■..%»* 

111 

ISO 

171 

’letn  I N— « #4  forma* rw  0- 
k*#»h**  a«wM  »****»  e +4  fttdxttt 


♦ I?  T7  krnt  m*t  (2!  tiigabf  9m 
ere  M-.  CHs.  **,  MCN,  9*4  C 


Even  at  2115-in.  /. , duntlter-prcsMirc  fluctuations  mack* 
operation  rough,  ami  tests  were  limited  to  short  duration. 
At  305-ptia  dumber  pressure,  average c*  value's  varied 
irregularly  from  3064  to  .1236  ft  'sec  over  the  L*  range  of 
2115  to  8000  in.,  ami  cIuuuUt  ti-mperahires  varied  from 
1244  to  12a2JF. 

Hence.  within  tin*  limits  of  accuracy  involved  in  the 
(,’DMIi  experiments.  Ilsn>  was  ho  detectable  consistent 
effect  of  changes  in  diar.u-tecislk-  duonlxT  hngth  (l.'\ 
from  21 15  to  Sit  Ml  in.  on  e or  chaining  tixnpcraturc.  Ilow- 
ixiT.  as  L was  decreased.  cluiulMT-prcssurc  ftm-tuations 
increased. 

1.  Healed  fuel.  Tlie  possible  effect  of  prdicatcd  l' DM  11 
on  monopropellant  performance  was  investigated  using 
(1)  heat  from  tin'  decomposition  reaction  to  heat  the 
UDMH.  and  (2>  h«>at  fnnn  tlic  (b’eranposition  veactioii 
plus  supplerm'ntury  Iteai  from  an~::w\tliary  source. 

a.  O iteration  with  rcp,em-rutiu'hj  lo  oted  liquid  infec- 
tion. A regenerutive-lieating  system  was  faliricated  by 
wrapping  tin'  decomposition  duunlicr  with  stainlcss-stix'l 
lulling,  as  shown  in  Fig.  7.  Tlic  L’DMIi  jiassixl  through 
this  roil  from  tlic  ltottoiii  to  tla*  top  of  tlic  cliamlxr 
collecting  I mat  transmitted  to  it  from  tlic.  decomposition 
/mu*.  Tlu*  lu>at  liad  ]kismx1  through  a 1 i-in.  ceramic  limr 
ami  two  stainless-steel  walls  of  0.153>in.  total  tliickm'ss. 
Tim  licutcd  fuel  tlum  went  directly  to  tlu>  hollow-cone 
spray  iiijivtor;  the  injector  pressure  drop  maintaim*d  a 
high  eiKMigh  pressure  upstream  of  tlu*  injixtor  to  keep 
tlu*  I’DMII  in  u liquid  state.  At  flow  rates  of  0.065  to 
0.015  lb  six',  fixxl  teuiperatur*'*  of  170  to  306  F were 
nxxirdtx!  for  tlu'  heatixl  liquid  I’DMH. 

Initial  (pw'hcatcd)  dtamlur  hxiqicrat  urcs  were  fmitul 
to  lu>  quite  critical  in  starting  t'-e  gas  gemrator  wlien 
using  tlu*  regineralive-fuel  coil.  Optimum  starting  teni- 
(urature.  as  indicatixi  hv  tic  lure  dirooM'l-almncI  tlier- 
morouplc.  was  di'tenniiuxl  |»y  ev|urietMX'  to  lu>  from 
1100  to  1200  F.  At  liiglur  !cui|>cratun*s.  (kxximposition 
in  tlu*  txtil  was  likely  to  otxur  ami  ixuiltl  not  Iu*  moved 
through  the  inuxtor  into  tlu*  cl tu miter  by  imTeasing 
IPMII  lank  pressure. 

1’ DM li -performance  data  ie  and  T.  • under 
rcgetMTutivc-hcatiug  conditions  iliquid  statei  are  listixl 
in  Talih'  4.  ami  e calm's  are  plollixl  in  Fig.  S.  It  can  Iu- 
six's!  in 'Fig.  S that  regenerative  licatmg  I us  a minor 
effixt  on  e . \t  tlic  two  eh. milter  pressures  of  comparison. 
200  ami  ’>0<t  psu  lor  hquid-sf.itc  ionxiion  n generative 
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Tabto  4.  ExpfiwntoBy  D— M m>wl 
lont-UPMH  (Wormontn  Wteiwg  ■>»>■»» 
oHv^y  Heated  UrhM 


Chmhsr  Nmstt 
roatesat 

BSB 

m 

E5M 

IftlMkJiJ, 

MO 

MO 

uso 

uu 

KIR 

HEZEmS 

mm 

•e  - on aw  t>. 

twni  MmS  «*  l«*a*iaa  mm Ms  * ±»  «Oo  • 1*0  mm- 

operation  niultrd  in  r*  intwium  over  that  for  unhealed 
liquid  feed  of  approximately  100  ft/sec.  It  is  postulated 
that  this  small  r*  increase  resulted  from  reduction  of 
over  all  system  heat  loss. 

h.  Of*ratim  with  rcurncratiorly  krmtni  os  par  b»#rr- 
turn,  in  the  course  of  operating  a UDMH-gas  generator 
under  vaporized-injectinn  conditions,  hair  design  modi- 
fications wire  math'  in  nttk'r  to  provide  for  improve! 
vaporization.  First,  tlw  hnllttw-cone  spray  injector  was 
rrninvtsl  anti  a restriction  was  piacssl  in  tlte  ftM*l  tuliing 
immediately  in  front  of  lla*  lieutinu  coil.  This  reduction  in 
iiiitvlitai  pnsisure  In  nominally  tlwt  of  the  chamber  pres- 
sure permittisl  vaporization  to  take  place  at  tcmperatiirt'k 
reached  in  tla>  lieutaxl-lkjiikMnfis-titm  e*i>eriinrt»ty 

Second.  resistance  to  lieat  flow  front  tUx-ompoxitino 
zone  to  iiasaninu  l l)MH  was  ritlwisl  in-  a rerlesign  of 


7-  UOMH-Dacampositian  Chamber  with  Estemal 
ttegonerative  fast  Hooter 


flit'  elistrie.il  lie.itim;  system  mi  as  to  eliminate  tlw- 
cer.uhie  lints-,  lostt-.nl  of  the  liner.  .•  assitr.il  eiT.miie  tun- 
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ag*»j 


was  sup|>ortc<l  in  tla*  clumber  a.*!  lieating  wire  wax 
sxiilsxl  around  this,  as  shown  vn  Fig  ft. 

Third,  impnminctit  in  heal  transfer  rmiltni  from 
ri'jtlacing  the  external  regenerative  snil  with  an  internal 
coil.  IIi>wcv«*t.  a chandler  section  maih*  up  in  this  manner 
liilustratesl  in  Fig.  10)  could  not  lie  used  as  llie  pri mars' 
lT)MII-dccompnritinn  /one  sines'  the  more  rapid  extrac- 
tion of  h«*at  (piiekly  stopped  the  reaction. 

Ths*  fourth  modification  was  counter-flow  injection  as 
|tmvi<ied  hy  tin*  chainlx*r  section  shown  in  Fig.  II.  This 
modification,  when  combined  with  the  three  previous 
features,  resulhxl  in  tlx*  decomposition  ehamhiT  slioss-n  in 
Fig  12.  Khminatioii  oi  tin*  sjxr.iy  ui^-tnr.  k "S'jiing  otlier 


things  the  same  as  for  heated-liquid  injection,  made  it 
possible  to  operate  a 4740-in.-//  gas  generator  with  vapor 
fi*ed  at  chamber  pressures  not  over  50  psiu,  which  cor- 
responded to  a fuel  flow  rate  of  ahout  O.OQ25  lli/sec.  Tla* 
additional  mndificatiims  incorporates!  in  tlx*  triple-section 
chamlx-r  of  Fig.  12  mads*  it  possible  to  incrs*ass*  L'DMII 
vaporization  rate  to  0.02  lb  sec  and  chamber  pressure  to 
20fi  psia  at  t*SH*ntially  the  same  V (4875  in.).  Vapor  tem- 
peratures of  242  to  541°F  were  recorded. 

Ths*  effect  of  regenerative  vaporization  on  I’D.MH  v‘ 
vale's  can  la*  judged  from  ths*  plotted  data  in  Fig  8 
TalMii.ited  data,  including  T.  values  and  additional  data 
at  42  to  4*1  psia,  are  xlioun  m Table  .V  For  tin-  tun 
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chamber  pressure*  wlierc  comparison  can  he  made  with 
unheated  liquid  injection.  1(M)  ami  200  psia,  average  r* 
values  are  higlur  l>y  alxmt  40  ft  'sec  for  vapor  injection. 
As  with  heated-liquid  injection,  this  slight  1n4  detectable 
increase  in  r*  is  probably  the  result  of  deemue  in  system 
heat  loss. 

c.  O/urtilum  with  mpidementally  heated  furl.  A series 
of  UDM11  experiments  was  conducted  using  vapnrized- 
fucl  injection  for  the  purpose  of  determining  if  UI>MI( 
decomposition  could  he  carriid  <niI  in  u much  smaller 
(lower  /.•*)  rhaintter  than  was  found  to  he  possible  with 
unheated  UDMII.  For  this  purpose.  a supplementary' 
UDMH  heating  system  was  install'd  to  inerrase  tl*e 
vaporization  capacits  Itcynnd  tliat  |>rovidcd  Ity  regencra- 
five  heating.  The  compete  installation  is  slmwn  in  Fig. 
M.  Heating  of  tla-  IPMII  was  aivotnplished  by  passing 
it  through  a -T0-ft  <s*il  of  st.iinless-stivl  'i-in.  tubing, 
shown  in  Fig.  i t.  wliicb  was  iinmcrsitl  in  molten  cerne 
safe  metal.  The  cerros.de  was  lieated  bv  a 5-kw  electric 


Fig.  11.  CswntSf'Flsw  Vapsiited  UOMH  Injsctien  Ssctinn  immersion  |hm(<  r,  (lie  two  elements  of  wlwli  estitided 
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upward  and  inside  the  fuel  coil.  In  tlu*  arrangement  shown 
in  Fig.  13.  UDMH  was  first  prclicatcd  regcncrativcly. 
pasaed  through  the  supplemental  mctal-luith  heater,  and 
thra  led  directly  into  the*  top  of  the  decomposition 
chamber. 

By  this  means,  it  was  possible  to  extend  UDMH  gas- 
generator  operation  down  to  an  /.*  of  368  in.;  no  smaller 
eltatnliers  were  tinted.  Since  heat  lias  been  added  to  the 
system,  comparisons  of  results  with  previously  discussed 
data  liave  little  significance;  c*  and  TV  results  from  tests 
mailc  with  addeil  heat  would  he  espccted  to  he  some- 
what higlter.  ami  this  is  shown  by  comparing  the  limited 
data  in  Table  6 with  data  from  tests  withmit  added  heat. 


Tobb  S.  Experimentally  Determined  Mtwwpwpd 
lont-UDMtt  Manwanw  Utilizing  Kegener* 
otiveiy  Heeled  Vapor  Feed* 


Cksnlwi  Pressure 
r* 

Averoge  c* 

ll/li. 

Averoge  7, 
•a 

No.  at 
Tasts 
Avampad 

4}  «a«f 

ram 

; >a« 

4 

too  * so 

nat 

usi 

4 

too  • so 

JMO 

1M 

4 

| (•  4>6®  UM  *•  j 

However,  it  is  worth  noting  that  an  appreciable  dccrc  se 
in  both  <•"  and  T.  occurred  when  the  L*  was  reduced  to 
368  in.,  us  is  evident  in  the  following  comparison: 

UDMH  Gas -Generator  Operation  with  Vaporization 
Regenerative  Cod  SupiJcmcntal  Heat 


L • 

Chamber  Pressure, 

4740 

366 

pr.  pda 

42-49 

58 

Avg.  c*.  ft/sec 

2S70 

2165 

Avg.  r„  °F 

1196 

752 

No.  of  Tests  Averaged 

4 

2 

I fence,  even  with  added  heat,  it  appears  that  the  lower 
IS  is,  ncvertlielcss.  too  small  to  permit  decomposition  to 
pmccid  to  tin*  cxtimt  it  ilia's  in  larger  diamhcrs.  and  an 
appreciable  amount  of  undeentnpused  UDMH  was  prob- 
ably I icing  discharged  fnan  tin*  exliaust  nozzle  of  the 
386-in.-/.*  chamber. 

C.  Exhouti-Ges  Aitefyt h 

At  a chutnhir  pressure  of  300  psia,  calculations  Imcd 
on  conditirais  of  tlkTiiMHlwuiic.il  eipcililiriuin  indicate 
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Fig.  13.  UDMH-Gos  Generator  with  k*(«Mi«tivi  and 
Su^ltniMiol  Metal-Bath  Fw*i  Heating 

■that  I'DMH  sluaild  decompose  into  principally  H . N;. 
Cll,.  and  <;  in  tin*  approximate  mole  percentages  of 
40-21 1- 2d- 20.  Calculated  compositions  at  75-.  300- , and 
fiOO-psia  chumltcr  pressure  ate  listrd  in  Table  7.  How- 
ever, ilu*  experimental  l;D\IH  monopropellant  j*as- 
Keucraiion  operation  would  seem  to  indicate  that  these 
are  iKtt  tin*  actual  exhaust  composition*  simv  diwepan- 
ck's  la-tween  tluxtretical  and  actual  porft  trimmer  param- 
eter* have  been  noted. 

Tin*  following  two  sections  jtive  results  of  cx|)crimental 
work  which  was  <lone  to  dr-termino  l’ IJM II -exhaust 
composition. 

I.  Dricrmmatirm  of  onlid  txhautt  product*.  A cyclone 
separatin’,  shown  in  Fit.  15.  was  installed  on  the  exhaust 
nozzle  of  a I'DMII-Ru*  tenerator  in  an  attempt  to  collect 
the  solid  carbon  in  the  exhaust  oases. 

Fiture  lft  slums  .tlu*  s4*purator  install'd  on  a tax  o«*n- 
<*rator  of  /.  42SO  in.,  ami  Fit.  17  sluiws  tlu*  amount  of 
carlton  anil  li<|tiid  material,  ;prol»,dil>  undccompoMd 
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fl§.  14.  Mttol'Both  Supplement'd  tW-Hsoting  Coil 

I’DMH)  collect eil  from  a t-*»t  in  wliieh  fl  lb  of  UUMII 
wen*  citnsumtd.  If  aluuit  20f  carbon  had  been  formed, 
as  had  lu*cn  predicted  on  tlu*  basis  of  lliermnchcmiral 
cakxdatKHis.  ovct  1 U*  of  carlum  slmukl  have  heen  col- 
lected. Actually,  altluuieh  more  carlum  was  in  tin*  sep- 
arator  titan  is  slutwn  in  Fio.  I"  (Itecaina*  of  holdup  on 
tlu*  separator  walls*,  not  iiMtre  than  a few  ({ram*  of  carlum 
could  bo  acciumtfd  for  In  addititm.  wane  of  the  rarhon 
form'd  remained  adlu-rod  to  the  tltamluT  wall  in  the 
«h*csimposition  chamluT  fFitj.  I#1 
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Ilmv.  it  appears  that  cither  the  c)  clime  scjxaratitr  was 
not  ifivtivc  in  eolkfting  carbon  or  car  lx  in  formation  is 
considerably  less  than  thermochcmical  calculations  pre- 
dicted. Probably  both  of  these  explanations  are  partially 
correct. 

2.  OrinwiaattM  of  gateau  exhaust  products.  Css  sam- 
ples were  taken  by  means  of  the  apparatus  shown  in  Fig. 
19.  After  expansion  through  a nozzle,  exhaust  from  the 
gas  generator  was  cixiled  in  a long,  horizontal,  air-oxtlcd 
heat  exchanger  and  then  exhausted  to  the  atmosphere. 
A constriction  at  the  end  of  the  heat  exchanger  forced 
a small  part  of  the  gas  stream  to  he  diverted  through 
one  or  more  traps  in  order  to  remove  entrained  solids 
ami  liquids  prior  to  lx'ing  collected  in  double-ended  gas- 
sample  bottles.  A bubbler  flow-indicator  downstream  of 
the  sample  bottles  provided  a visual  check  in  order  to 
insure  sufficient  gas  flow  during  the  test,  and  check  valves 
automatically  sealed  off  the  sample  bottles  at  the  test 
termination.  Tests  were  carried  out  with  a gas  generator 
having  an  I‘  of  4330  in.;  chamber  pressure  was  main- 
tained at  320  psig.  Measured  decomposition  temperature 
under  these  conditions  was  127S  to  1285°F. 

A total  of  six  gas-sampling  tests  was  made;  duplicate 
sampk-s  were  taken  in  all  hut  one  test.  Two  methods  of 
analysis  were  used  to  determine  gas  compositions:  (1) 
mass  sptxtrography  ami  (2)  infrared  spcctrography  sup- 
pkiwntid  hv  Orsat  analysis  (Ref.  8).  The  second  method 
was  used  also  to  obtain  the  hydrogen-nitrogen  ratio.  The 
experimentally  obtairxd  carbon-free  exhaust-gas  compo- 
sitions <k*terminrd  by  both  methods  of  analysis  are 
sitown  in  Tabk-  8.  together  with  the  calculated  thermo- 
clieioicul  equilibrium  gas  composition  determined  on  a 
carlxm-free  Iwsis  (refer  to  Table  7).  Tl*e  maxs-spcclrograph 


Table  6.  Experimentally  Determined  Monopropel- 

lanf-UDMH  Performance  Utilizing  Supple-  § 

mentally  Hooted  Vapor  Feed  j 


!• 

in. 

Chamber 

Pressure 

into 

Average  c* 

tr/ sac 

Average  T, 
•» 

No.  of 
Toots 

Averaged 

4S10 

3031*313 

3337 

1371 

3 

JUS 

143  m4  14* 

3433 

1171 

1 

1174 

300  - 30 

3131 

11*4 

0 

1070 

too  * so 

3034 

1101 

0 

Ul 

71  9*4  71 

10*0 

<353 

1 

344 

St 

11*3 

7S1 

1 

results4,  which  consisted  of  three  analyses,  included  com- 
positions of  duplicate  samples  determined  one  month 
apart.  These  samples  were  included  in  an  attempt  to 
reveal  any  effects  of  sample  age  on  analytical  results. 


‘Analyte*  made  by  Comottdated  Electrodynamics  Corpora  Hem, 
Pasadena.  California. 


Pig.  1 S.  Cyclone  Separator  for  Ouontotiv# 
Carbon  Determination 


Table  7.  Calculated  Theoretical  Exhaust-Gas  Competition  from  UDMH  Decamp— Won* 


Chamber  Pressure 

IxkauM 

Component 

to** 

is 

toe 

1 

Vasa 

TUmi 

T*Ml 

N: 

4*7 

«u 

40.1 

30.4 

tt.< 

47.1 

Mi 

171 

u.t 

If.f 

14.0 

mj 

15.4 

CM. 

11.1 

1S.I 

If! 

144 

ii.i 

I7J 

NH. 

tl 

0.1 

0.1 

0.1 

o.< 

0.1 

MCM 

0 

(MPP-) 

P4m-> 

(»  00*1 

(13  poo) 

C 

11.4 

— 

10  1 

— 

<0.1 

— 

too* 

1000 

;ooo 

<00.0 

1000 

1000 

•tout  III  Ho—  •#  >■>—»>■  O’  4 II  n fc—4'— •*'  (1)  tot— — # to—  It— — e— i — oil  tori—  (31  Veto*.  ft*—*  m —•!  % 
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Siguifii .nit  dilferemvx  were  found:  lor  example.  !ICX 
jimI  Nil  im-rcasaxl  from  4 I and  0.1  t«t  IS  .»  and  3.S  mol  V. 
rcsjxftively,  whereas.  Cl  I,.  II..  ami  N.  showed  smaller 
(ktYcascs,  llmmif,  in  a similar  comparison  matle  using 
the  infrarcd-Orsut  nxtbod.  no  significant  changes  were 
found. 

Another  discrepancy  hetwirn  tlx*  two  ikhImkIs  was 
noted  in  analyses  of  duplicate  samples  from  one  text.  In 
this  instance,  tlx*  mass  spectrograph  xlmwed  IfCN  and 
Nil . contents  as  lfi.fi  ami  O S mol  V.  respectively;  whereas, 
tlx*  infrared-Orsat  omtlmd  slaiwcd  fi.5  aiul  lfi.4  mol  V. 
Tliis  extremely  large  difference  in  Nil  analyst's  led  to  a 
careful  proof-ti-sting  of  the  mfrared-Orsat  method  using 
a syntlx*tic-gas  mixture  of  known  composition.  Hie 
nx'thod  was  found  to  lx*  quite  accurate  for  Nil  ( '0.2 
mol  V)  as  well  as  other  components.  For  this  reason,  no 
further  samples  were  analyzed  hy  tin*  mass-spectrograph 
method. 

An  examination  of  the  data  in  Table  9 reveals  the  fol- 
lowing items  of  interest:* 

1.  (loth  analytical  oxtlxxls  gave  wide  variations  in  the 
concentrations  of  s'-mx-  compoixmts.  Most  of  this 
variation  occancd  between  gas-geiuTator  tests  and 
not  between  duplicate  samples. 

2-  Tlx*  amount  of  fl('X  ami  Nil.  actually  found’wus 
consuli-raidy  greater  than  that  calculated  on  the 
Itasis  of  thernuicheinical  (xpiililarium. 

•V  Tlx*  actual  range  of  CH,  concentrations  was  some- 
v.liat  higlicr  ami  tlte  range  of  hydrogen  concentra- 
tion lower  than  calculated  vahx*s. 

4.  Av«*rage  exhaust-gas  composition  hased  on  infrared- 
Orsat  results  was  as  follows: 

Component  Mol  V.  Arerugr 

CH,  38.4 

N,  22.7 

NH,  179 

H,  11.9 

IfCN  fi.9 

C.H.  1.7 

CII.  0.3 

Cll,  014 

Uuilnl  aoitslu.il  results  ot  t!:--  rdi.iinl  tias  .uulssis  arc  mvi'fi 
mi  *1  aiul  !•* 


fig.  17.  Carbon  Sipatalrd  from  Six  Pounds  of 
UDMH-Cot  GonoroNon 


3.  Atomic  |*n»|xtrtions  for  this  composition  correspond 
tr*  C),  t.H:  . N; ...  which,  for  tlx*  theoretical  carl*on- 
free  equilibrium  composition  is  <1..  „.H.N..  Ttx' 
formula  for  l OMII  is  C ll.N  . This  comparison 
indicates  that,  at  least  iwnportinoally.  all  tlx-  nilm- 
gen  and  mml  of  «l*c  hytlrogcu  arc  accounted  ft*  hy 
exhaust-gas  an.dxsis.  ami  tliat  I IIMII.  when  it 
decomposes,  does  nut  form  solitl  earltou  to  the 
extriil  predated  hv  ihennm lM-iuu.ii  equilibrium 
c.deulatious  II  the  total  exhaust  contained  if;  ilM,|  >, 
larluui.  all  rarluut  would  In*  allocated  for 
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6.  Tlu'  r*  value  calculated  for  tlie  above-average  com- 
position at  1280  F is  2813  ft  «t  as  compared  with 
aliout  32(10  ft  see  actually  nltscrvcd.  The  difference 


brtwcti)  these  two  values  pmluhly  resulted  from 
inaccuracies  in  tlu-  temiUTatiiro  measurement  ami 
gas  analysis. 


Table  8.  UDMH  Exhaust-Gas  Analysis  with  Chambor  Prossuro  at  330  pig 


(mi  CmismwI 

Cnkwlotsd  ThMMMhtnkal 
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mam. 

U. 4 

WJ  -400 

414  -SM 

u» 

IM  - MJ 

too -no 

B4 

at  - ir> 

tOJ  - 144 

n«Ui 

Mm* 

*4  - *04 

4.1  - 114 

mrnm 

MS 

NS  ~ l.t 

i.o  a* 

>Mui 

NS 

NU  - 04 

14  - 14 

Mf... 

Ntf 

U 

04  - 04 

at 

ISO  • 1*4 

at  so 

ONnr 

NS 

NU 

l.l  14 

■■  ..'iswjieantlt 


V 


.1  |<I I Ul  IJ^W^J’  .V .£ 


"Al-  •«*« 


Jt^re^ulMmLabofaltrY 


Progress  Report  No.  30*1 


UhGUailHiD 

wwfliimiK 


Table  9.  UOMK  ?»houst-Gos  Composition  Determined  by  Infrored-Orsat  Method 


+ to! 

Mi  % 

CAJU***U*1 

TmI  173 

?m  Hi 

Tw»  303 

1M 

304 

TmISOS 

S 

1 

1 

1 

3 

1 

HOH 

CM. 

410 

34.0 

340 

450 

03 

344 

430 

334 

Mi 

154 

34.4 

300 

124 

344 

374 

33.1 

237 

M. 

10.2 

13.1 

10O 

4-1 

174 

141 

114 

114 

11.3 

MCM 

U 

. 3 

4.4 

10.4 

34 

57 

5.0 

40 

if 

CJi. 

If 

0.3 

0.3 

Nil 

Ml 

Nil 

Nil 

MU 

04 

C«M 

0.41 

Nil 

Nil 

Nil 

aix 

0.14 

0.17 

0.11 

0.14 

CM 

1.2 

1.7 

17 

3.3 

14 

17 

11 

1.* 

17 

NM. 

144 

17.3 

357 

33.3 

13.4 

157 

15.1 

IS4 

17.* 

Atomic  propodioni 


173 

1.34 

1.33 

170 

a»4 

1.30 

143 

144 

144 

4.0 

4.34 

7.34 

to 

44? 

4.31 

774 

*40 

7.35 

9KZ9RI 

1.47 

3.0 

3.0 

1.41 

-» 

30 

30 

30 

Table  10.  UDMH  Exhaust-Gas  Composition 
Determined  by  Mass  Spectrograph 


Component 

CompotlMwi 

Ml  % 

T«M  353 

TM  371 

1 

3* 

3 

CM. 

50.4 

414 

447 

N, 

324 

14.* 

1*.1 

N, 

14.1 

104 

114 

HCN 

4.1 

1*4 

1*4 

CiMt 

3.* 

3.* 

34 

cut. 

io 

14 

17 

CM. 

04 

04 

04 

cue. 

0.1 

0.1 

04 

NM, 

0.1 

SO 

04 

CHber 

1.1 

30 

14 

Atomic  proportion*  J 

Cerbe* 

30 

30 

30 

Hy4f«9M> 

•0 

444 

47* 

NiMfK 

1.44 

1.5* 

1.4* 

•Sample  Ha  l oh 

1 

1 

3 

I 

1 

* 

mm  tkm  m ■— pii 

Ha.  1.  h<«  M 

wNyaa4  mm  rwpnth 
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191.  CONCUfSOm 


Experimental  investigation  of  UDMH  as  a rwnopropd- 
loot  lead  t»  the  following  conclusions: 

1.  I'nsvnunetricaf  dimethylhydrazine  (UDMH)  can  be 
math*  to  operate  reliably  as  a mooopropellant  under  suit- 
altle  conditions  of  ignition,  injection,  and  combustion 
volume. 

2.  Ounces  in  chamber  pressure  between  100  and  000 
psia  indicate  a small  but  detectable  increase  in  c*  values. 

3.  Cluntts  in  L4  between  2100  in.  and  about  8000  in. 
have  no  consistent  effect  on  c‘  values.  However,  with 
unhealed  fuel,  an  L*  of  2100  in.  is  .Se  approximate  lower 
limit  of  monopropellant  operation. 


4.  Regencrativeh  heating  UDMH  prior  to  its  injection 
into  the  chamlier  in  the  form  of  either  liquid  or  vapor 
slightly  improved  r*  values.  It  is  postulated  that  this  c* 
increase  results  from  reduction  of  ow.-al)  system  boat  loss. 

5.  Employing  supplcmentaliy  preheated  UDMH  ex- 
tends mooopropellant  operation  to  chambers  of  relatively 
low  L*. 

6.  Carbon  formation  in  UDMH  decomposition  is  less 
than  predicted  on  tlie  Iwisis  of  thermochemical  equilib- 
rium calculations;  wiiereas,  ammonia  and  hydrogen 
cyanide  are  formed  in  considerably  greater  quantities 
than  calculated. 
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NOMENCLATURE 

c*  = characteristic  velocity,  ft /'sec. 
f,  - nozzle-throat  area,  in.: 

C = gravitational  constant,  ft/sec.9 
/..  = specific  impulse,  sec. 

/.*  - characteristic  length,  in. 
pr  = chamber  pressure,  pfia. 

7V  - combustion  temperature,  °F. 
V,  - combustion  volume,  in.1 
u>  --  propellant  flow  rate,  Ib/sec. 
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Figure  93.  Effect  of  Primary  Flow  on  C02  Concentration  Diutribution, 
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i ~ RADIUS  ~ INCHES 

Figure  96.  Diffuser  Exit  Total  Pressure  and  COfc  Concentration  Distributions,  Ws/WsD=100% 
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Figure  97.  Diffuser  Exit  Total  Pressure  and  C02  Concentration  Distributions,  Wg/WsD=75% 


j 


175 


I 


GEND 


r - RADIUS  - INCHES 

Figure  99.  Diffuser  Exit  Total  Pressure  and  COg  Concentration  Distributions,  Wg/WsD=  25% 
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CARBON  DIOXIDE  CONCENTRATION  - % BY  WEIGHT 
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' Figure  102.  Effect  of  Primary  Flow  on  COg  Concentration 
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Figure  103.  Effect  of  Primary  Flow  on  Total  Presaure  Profiles, 
wS/vVSD  ^ 100'Z 
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Figure  107.  Effect  of  Primary  Flow  on  Total  Pressure  Profiles,  Wg/Wg^=  100% 
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LIST  OF  SYMBOLS 


maM 


3 

3P 

4 
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g 

H 

h 

L 
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ENGINE  STATION  NOTATION 


Freestream 
Mixer  Inlet 

Mixer  Outlet  or  Diffuser  Inlet 
Diffuser  Outlet 
Combustor  Outlet 
Exit  Nozzle  Throat 

NOMENCLATURE 

Area ; (A*  = Area  at  Mach  1. 0) 

Speed  of  sound 

Flow  discharge  coefficient 

Specific  heat  at  constant  pressure 

Diameter;  mixer  divergence  area  ratio, 

Thrust 

Gravitational  constant 

Enthalpy 

Altitude 

Length 

Mach  number 

Net  Jet  Thrust  Coefficient,  F/ qo  A4 


A3 


Ag+A 


— ) 

P 
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p 

R 

SFC 

SPC 

SLS 

T 

V 

w 

Wg/Wp 

% 

Greek  Symbols 
7 

V 
P 

0 

e 

Subscripts 

a 

A/B 

C 

D 

E 

f 

g 

M 

m 

NJ 

P 

S 

T 


LIST  OF  SYMBOLS 

Pressure 
Gas  constant 

Specific  fuel  consumption 

Specific  propellant  consumption 

Sea  level  static  conditions 

Temperature 

Velocity 

Weight  flow’ 

Secondary  to  primary  flow  ratio 
Freestream  dynamic  pressure,  \ pQ  VQ2 

Ratio  of  specific  heats 
Component  process  efficiency 
Density 

Fuel  equivalence  ratio 
Mixing  process  spread  angle 

Air 

Afterburner 

Combustion 

Drag 

Exit 

Fuel 

Gas 

Mixer 

Mass 

Net  jet 

Primary 

Secondary 

Total  condition 
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